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Scope of the study 
 
Copper has played an important role in human development.  The use of native copper is at 
least 10,000 years old, and the first copper-based alloys were produced in the 4th millennium 
B.C.  The intrinsic advantages of copper, such as easy extraction and handling, as well as 
excellent heat conduction, made it an ideal utilitarian metal.  Besides utilitarian objects, 
copper and its alloys were (and still are) appreciated decorative metals which have been used 
throughout history for the realization of various art objects, from jewellery to statuary. 
In common with many other metals, copper corrodes once it comes into contact with an 
aggressive environment, for example the sea or the atmosphere.  In the field of art, copper-
based objects are preferred in the corroded state, not only because of the aesthetically pleasing 
colours, but also because the presence of corrosion products provides evidence of time past 
and time passing, thereby adding extra value to the object.  In the majority of cases, corrosion 
compounds even tend to be protective for the underlying metal and become a permanent part 
of the object to which they are attached.  However, corrosion may also form a problem, 
especially when specific corrosion products (such as cuprous chlorides) are in contact with the 
metal core.  In specific corrosion conditions, the deterioration of the underlying metal will 
continue and will lead to the destruction of the object. 
This work focuses on the treatment of corroded archaeological cupreous artefacts, which have 
been recovered from wet saline environments.  These artefacts are often treated in sodium 
sesquicarbonate solutions to obtain a stabilization (extraction of chloride salts) of the artefacts 
as the chloride ions leach out of the corrosion layer in this solution.  Nevertheless, results of 
this immersion often show a certain instability of the artefacts, such as the chemical 
transformation of the natural patina (for example the formation of tenorite (CuO) or 
chalconatronite (Na2Cu(CuO3)2.3H2O)) and the development of active corrosion.  The 
occurrence of these side effects means that monitoring of the treatment remains necessary. 
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 In this work, we have examined how corrosion potential measurements (Ecorr) can provide 
information on the effect of the stabilisation treatment.  Upon positive evaluation the method 
could serve as an early warning system to monitor the treatment of cupreous artefacts in 
aqueous solution.  The corrosion potential (= potential without sending a current through the 
cell) provides information about the solution, metal and interface (in this case the corrosion 
products) system.  The hypothesis behind the method is that if the corrosion potential does not 
change as a function of time, the surface composition should be stable. 
Chapter 1 consists of an introduction to several subjects of importance for this study.  First a 
short overview of the use of copper and its various alloys in history is given.  Secondly the 
phenomenology related to the corrosion of copper is discussed.  Further a brief introduction to 
conservation approach, strategy and techniques is given.   
In Chapter 2 the theory of corrosion potential measurements is discussed.  In addition, a brief 
overview of other analytical techniques which were performed in parallel to understand the 
surface reactions that take place during the stabilization treatments is provided. 
Because of the uniqueness of the artefacts with which we are dealing, authentic artefacts 
could not be used for this study.  For this reason, commercially available copper and copper 
alloys were used and were corroded artificially.  Patinas of single corrosion products were 
produced to examine the effect of the treatments on different types of corrosion product.  In a 
first step, discussed in Chapter 3, (artificially corroded) copper and copper-based samples 
were treated in sodium sesquicarbonate, while Ecorr measurements were recorded as a function 
of time.  At different stages of immersion, the treatment was stopped and its effect on the 
corrosion products was qualitatively checked using synchrotron radiation X-ray diffraction 
(SR-XRD). 
In Chapter 4, the behaviour of copper-based samples covered with nantokite was investigated 
in more detail using an electrochemical cell for time resolved, in situ spectroscopic analysis.  
The latter involves the performance of simultaneous Ecorr measurements and surface analyses 
using X-ray techniques.  This way of working avoids the need to remove the sample from the 
solution and allows the acquisition of more synchrotron radiation X-ray diffraction data per 
sample type since the use of duplicate samples is not needed anymore.  The chapter also 
contains a brief discussion on the development and optimization of the electrochemical cell 
performed by Dowsett et al.. 
In Chapter 5, the use of in situ spectroelectrochemical techniques was further tested on a 
faster variant of the sodium sesquicarbonate treatment, involving the application of a low 
2 
 potential to the artefact to drive the chloride extraction process, has been investigated.  The 
effect of this treatment on the surface was examined in detail using electron microscopy and 
in situ time resolved SR-XRD to monitor the chemical surface composition during treatment. 
This thesis is concluded by a global summary (Chapter 6). 
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 Chapter 1 
 
Copper: historical use, corrosion 
and conservation 
 
This chapter comprises a short introduction to the historical use of copper.  This is followed 
by a description of the corrosion mechanisms of cupreous objects, including the occurrence 
and formation of the main corrosion products. In the last part of the chapter, conservation 
principles and techniques are considered. 
 
 
1.1. General description and historical background 
Pure copper is a light red to salmon pink metal.  It is ductile (can be drawn in wire) and 
malleable (can be hammered into sheet).  Furthermore, it is non-magnetic and it has high 
thermal and electrical conductivity (making it useful for cooking pots and electrical wiring).  
It can also easily be soldered and brazed [Shreir 1976; Selwyn 2004].  Therefore copper is 
widely used in industrial applications such as in building constructions, electrical and 
electronic products, transportation equipment and in machinery.  Because pure copper lacks 
mechanical strength, it is rarely used in this form.  Copper can be alloyed with other elements 
to provide materials with a broad range of mechanical, physical and chemical properties (for 
example, increased hardness, reduced melting point, change in surface appearance and 
improved corrosion resistance) [Selwyn 2004].  Brass (an alloy of copper and zinc) and 
bronze (an alloy of copper and tin) are the two best known examples [Schütze 2000].  Besides 
utilitarian objects, copper and its alloys were - and still are - appreciated decorative metals 
which have been used throughout history for the realization of various art objects, from 
jewellery to statuary [Plenderleith 1956; Scott 2002; Selwyn 2004]. 
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Copper is one of the earliest metals to be used by humans – the first recorded use dates from 
around 8500 B.C. in the Near East [Selwyn 2004].  The first undisputed evidence for human 
exploitation of native copper comes from a Neolithic site in south-eastern Turkey, where 
beads of malachite and native copper were found (dated around 7000 B.C.) [Scott 2002].  
Much of the early metalwork was made from native copper, and many of the smaller artefacts 
are merely hammered native copper.  Some of the larger items, such as the hammer-axes, are 
cast native copper.  Only when there are substantial traces of arsenic or nickel, one can be 
sure that it concerns copper smelting [Tylecote 1992].  Evidence for the smelting of copper 
has been found at Turkish sites, dating to the sixth millennium B.C.. 
There is still divergence of opinion about whether early arsenical copper represents deliberate 
alloying practice or derives from the unconscious use of naturally arsenical copper ores.  
However, a small arsenic content in early copper metal has clear benefits.  These range from 
better casting properties, increased workability, strength and hardness in the cold hammered 
state, through a better corrosion resistance and a decorative finish to lowering the melting 
temperature of raw metal [O’Brein 1999]. 
Bronze, true alloys of copper with tin, started to be made from the fourth to the third 
millennium B.C. and became pervasive and universal during the Bronze Age.  In the full 
Bronze Age, the attention to detail increased, with the production of finer objects and more 
accurate castings.  An addition of lead was often made to increase the fluidity of the metal.  
However, the leading of bronzes was rather local and by no means universal [Tylecote 1992].  
Brass, the alloy of copper and zinc, was restricted in early usage.  By co-smelting zinc and 
copper ores, brass did become important during the Roman period.  From 45 B.C. on, for 
example, the Romans produced brass coinage [Scott 2002]. 
 
 
1.2. Corrosion of copper and its alloys 
The corrosion of metals is the degradation of the metallic structure at its surface through 
chemical reactions of the metal with species of the environment.  In contrast to mechanical 
wear, corrosion is therefore principally a chemical process.  The surface damage is not the 
result of abrasion of metal particles, but rather the transition of metal atoms from the metallic 
to the non-metallic state of a chemical compound [Kaesche 1986].  The surface of nearly all 
ancient metal objects which are buried in soil, immersed in fresh or in salt water or exposed to 
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air, rain and sun, will certainly undergo these transformations.  The surface alteration may be 
quite thin and superficial or it may be so complete that nearly none of the original metal 
remains.  Eventually, the metal reverts to mineral forms [Gettens 1963]. 
In this work the corrosion mechanism are explained by applying the copper corrosion model 
since in general copper-containing compounds have been reported to be the main constituents 
of natural patinas, especially in cases of copper alloys with a high copper content [North 
1987; Hamilton 1998].  Nevertheless, alloying elements like Sn, Zn, As, Sb and Pb may 
produce subtle or major changes to the behaviour of copper in different environments [Scott 
2002].  Therefore a brief paragraph is added concerning the effect of alloying elements. 
 
1.2.1. Corrosion mechanism 
Most corrosion phenomena are electrochemical in nature.  They imply two or more electrode 
reactions: the oxidation of a metal (anodic partial reaction) and the reduction of an oxidizing 
agent (cathodic partial reaction) [Plenderleith 1956; Marcus and Oudar 1995; Selwyn 2004; 
and others].  Furthermore, the corrosion process also requires an ionic connection (an 
electrolyte) between the anode and cathode to allow the flow of ionic species.  In most 
corrosion processes, this ionic connection is provided by water, e.g. condensation from humid 
air, rain, seawater.  Whenever the relative humidity is higher than ~65%, there is enough 
absorbed water on most clean metal surfaces to approach the behaviour of bulk water and 
support electrochemical reactions.  Damp soil or a damp deposit may also hold water against 
the surface of metal [Stambolov 1985; Lins and Power 1994; Selwyn 2004]. 
The anodic half-reaction describing the oxidation of copper is given by [Selwyn 2004; Crow 
1994; Hamann et al. 1998]: 
−+ +→ eCusCu 2)( 2  
The metal cations released at the anode have several options.  They may enter the 
environment as aqueous ions and precipitate away from the metal.  Therefore, the metal 
continues to corrode.  The metal is then in a so-called ‘active’ state.  Alternatively, the metal 
cations may react immediately with anions in the environment and form corrosion products 
(carbonates, oxides, hydroxides, sulphates, etc.) which adhere to the surface of the metal.  
Sometimes there is a progressive growth of the surface minerals which increases at the 
expense of the metallic core; in other cases, the mineralization is compact and stable and, after 
preliminary development, it tends to inhibit further change.  The metal is then said to be in a 
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‘passive’ state [Plenderleith 1956; Pourbaix 1963; Cronyn 1990; Bockris and Kahn 1993; 
Selwyn 2004]. 
In each of the cases, the electrons produced by the metal oxidation half-reaction at the anode 
must be simultaneously consumed by a balancing reduction half-reaction at the cathode.  In 
aqueous solutions, this reaction is usually the reduction of hydrogen ions or the reduction of 
oxygen.  However, in general, the species co-reducing may be any species in the corrosive 
electrolyte reducing at a more positive potential than the metal system [Crow 1994].  For 
metals corroding in relatively neutral waters, the most common reduction half-reaction that 
counterbalances metal corrosion is the reduction of oxygen gas dissolved in the water.  The 
cathodic half-reaction is then given by [Selwyn 2004; Crow 1994; Hamann et al. 1998]: 
−− →++ OHeOHO 442 22  
or    OHeOHO 232 644 →++ −+
These partial cathodic processes may as well occur through adsorbed oxygen or oxides [Crow 
1994; Hamann et al. 1998]. 
For metals corroding in acidic solutions (< pH 4), the supporting cathodic half-reaction tends 
to be hydrogen ion reduction [Selwyn 2004]:  
)(22 2 gHeH →+ −+  
 
Whether a metal in a certain environment (pH, O2 concentration, etc.) can corrode is 
determined by its reversible thermodynamic potential and whether this is more negative than 
that of the corresponding cathodic partner reaction.  This basic thermodynamic view was used 
by M. Pourbaix as the basis of equilibrium corrosion diagrams, in which the thermodynamic 
reversible electrode potential of the metal is plotted as a function of pH for a fixed 
temperature and pressure.  Such Pourbaix diagrams provide a thermodynamic basis for the 
explanation of corrosion reactions and also provide information regarding the thermodynamic 
stability of various phases.  Figure 1.1a provides an example of a stability diagram for copper.  
This diagram could also be drawn to indicate regions where copper is immune (corrosion is 
thermodynamically impossible), passive or active rather than the exact copper species (Figure 
1.1b) [Pourbaix 1963; Bockris and Kahn 1993; Selwyn 2004]. 
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Figure 1.1.  a. Pourbaix diagram for a copper-water system (25°C, 1 atm, 10-6M Cu+).  
Regions are labeled with the species that is the most thermodynamically stable in that area.  
Water is stable within the boundaries set by the dashed lines a and b; it can be oxidized to 
oxygen gas at or above line b and it can be reduced to oxygen gas at or below line a.  b.  The 
same potential-pH diagram as figure 1.1a, but this time the regions are labeled as immune, 
active or passive (after [Selwyn 2004]). 
Depending on the species present in the solution, different Pourbaix diagrams have to be 
considered [Pourbaix 1977].  Figure 1.1 considers only copper and water.  Figure 1.2, on the 
other hand, shows the Pourbaix diagram for copper in seawater. 
It must, however, be emphasized that the fact that a reaction is thermodynamically possible, 
does not imply that that reaction will effectively take place.  The construction of such 
Pourbaix diagrams takes no account of the kinetics of reactions [Pourbaix 1963; Crow 1994; 
Hamann et al. 1998].  Furthermore, one has to bear in mind that the electrode potential and 
the pH are considered here as characteristic for the metal-solution interface, which can differ 
from other parts of the metal or from the bulk solution [Pourbaix 1963].  This means that the 
Pourbaix diagrams should be used with some caution when attempting to predict corrosion 
behaviour [Crow 1994; Hamann et al. 1998]. 
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Figure 1.2.  Pourbaix diagram for copper in 
seawater (after [Taylor and MacLeod 1985]). 
 
1.2.2. Corrosive environments 
The corrosion of copper can be classified in many ways.  One approach is to categorize the 
corrosion according to the corrosion processes.  Corrosion can, for example, be divided into 
uniform corrosion, pitting corrosion, inter and intragranular corrosion, stress corrosion and 
corrosion fatigue [Kaesche 1986].  Another way of classifying corrosion phenomena is by 
making a subdivision according to the corrosive environment [Wranglén 1985].  In this work, 
the latter classification system is used.  For archaeological bronzes, the following corrosive 
environments can be considered [Scott 2002; Selwyn 2004; Stambolov 1985]: 
1. corrosion during exposure to the atmosphere 
2. corrosion in indoor museum environment 
3. corrosion during burial 
4. corrosion in marine conditions 
5. corrosion after excavation 
Depending on the environment, different corrosion products are formed; for example 
malachite (Cu2(CO3)(OH)2) is typically formed in soil, brochantite (CuSO4.3Cu(OH)2) in the 
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atmosphere and atacamite (Cu2Cl(OH)3) in seawater [Wadsak 2000].  However, there are 
certain areas of overlap among the different types of environments listed here, since certain 
objects can be corroded in different environments during certain stages in their lifetime.  For 
example, before burial, the metal is exposed to the atmosphere.  During burial, the soil is in 
direct contact with the object and after excavation the object is exposed to an indoor museum 
environment.  This means that archaeological artefacts usually can be associated with 
complex corrosion mechanism and that different corrosion compounds can be formed during 
exposure to these different environments.  Furthermore, even apparently identical objects 
discovered only a few meters apart on the same site, can be corroded in totally different ways 
since chemical defects such as damage, segregations and inclusions, as well as structural 
defects, such as grain boundaries, dislocations and stresses within the materials, might 
influence the occurring corrosion phenomena [MacLeod and Pennec 1990; MacLeod and 
Romanet 1999; Schütze 2000]. 
 
Corrosion in the atmosphere 
Copper exposed to clean damp air rapidly develops a light brown surface layer of cuprite 
(Cu2O) [Stambolov 1985].  For the further development of the corrosion layer, four types of 
outdoor environments can be classified: ‘rural’, ‘urban’, ‘marine’ and ‘industrial’ [Leygraf. 
1995].  In urban-industrial areas, copper sulphates are readily formed on top of a cuprite layer.  
Brochantite (Cu4(OH)6SO4) is a very common component of the corrosion films on copper 
and bronze alloys in these environments [Nairn et al. 1997].  In recent years, the presence of 
antlerite (Cu3(OH)4SO4) in the corrosion films on bronze monuments has been noted several 
times as well [Lins et al. 1994; Selwyn et al. 1996; Krätschmer et al. 2002; Hayez et al. 2004].  
Atacamite (Cu2Cl(OH)3) is incorporated in the patina in environments with high chloride 
loadings, as for example very close to sea spray [Evans 1981; Veleva et al. 1996; Nairn 1997; 
Krätschmer et al. 2002; Selwyn 2004]. 
 
Indoor exposure 
The aqueous layer formed under outdoor exposure conditions is strongly influenced by 
seasonal and daily variations in humidity and by precipitation, dew, snow or fog.  Indoor, on 
the other hand, the aqueous layer is often governed by relatively constant humidity 
conditions.  Generally this results in lower corrosion rates indoors than outdoors [Leygraft 
1995].  However, even when objects are kept indoors, moisture and oxygen are enough to 
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cause dulling of the surface due to the formation of an oxide film that is mainly composed of 
cuprite.  This oxide layer grows rapidly on initial exposure, but the growth rate slows over 
time and the film remains thin [Plenderleith 1956; Selwyn 2004]. 
The results of attack by sulphurous gasses are even more readily apparent, yielding the darker 
films of metallic sulphide known as tarnish.  Sources of reduced sulphur compounds include 
display or storage materials (e.g. rubber vulcanized with sulphur), industrial pollution and 
objects that are contaminated with reduced sulphur compounds (e.g. waterlogged wood).  
Copper reacts with these sulphur containing gasses to form a tarnish layer of dark-coloured 
copper sulphides such as chalcocite [Plenderleith 1956; Selwyn 2004]. 
Furthermore, handling and display or storage conditions can enhance the corrosion of copper 
artefacts.  Corrosion on copper can, for example, be induced by volatile organic acids released 
from wood products, some paints, construction materials or the degradation of organic 
materials.  Local contamination can also result from contact with perspiration (chloride 
contamination), aging plastics (chloride contamination) or dust contaminated with ammonium 
sulphate particles [Scott 2002; Selwyn 2004]. 
 
Corrosion in soil 
When buried in damp soil, copper soon loses its metallic appearance [Plenderleith 1956].  The 
surface of buried objects may become rough and covered with a fairly thick layer of copper 
corrosion product.  There is usually an inner layer, next to the metal surface, of copper(I) 
compounds – mainly cuprite.  Copper(I) chloride (nantokite) may also be present if chloride 
ions are present in the burial environment.  Covering these copper(I) compounds are outer 
layers of green or blue copper(II) salts, that mainly correspond to the minerals malachite and 
azurite [Plenderleith 1956; Selwyn 2004].  Such incrustations are stable when free from 
chloride and they protect the underlying metal from further corrosion.  However, when buried 
in salty ground the presence of chlorides in the incrustation presents an acute problem since 
the unstable cuprous chloride is formed.  Often these salts are sealed up in what appears to be 
a stable encrustation or patina.  However, when they are exposed to moisture and oxygen, 
they are likely to give rise to fresh activity, with consequent pitting of the surface and 
possibly serious deformation [Plenderleith 1956]. 
The deterioration is influenced by a number of factors: the soil chemistry, in particular 
moisture-retaining conditions, the acidity of the soil, water-soluble salts, and the presence of 
soot [Fjaestad et al. 1998].  The humidity conditions in the soil can vary between atmospheric 
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to completely immersed [Shreir 1976; Evans 1981].  Soil types which imply low access of 
water or oxygen (air), are the least corrosive [Fjaestad et al. 1998].  Typical examples are 
given by clay or calcareous soils [Stambolov 1985]. 
 
Corrosion in marine environments 
The most common components of seawater, apart from water itself, are chloride, sodium, 
sulphate, magnesium, calcium, potassium ions and dissolved oxygen and carbon dioxide 
(from photosynthetic reactions).  The equilibrium between dissolved carbon dioxide and 
carbonate or bicarbonate ions acts as an important and effective buffer system; the pH of 
seawater is usually between 7.5 and 8.4 [Scott 2002; North and MacLeod 1987].  In general, 
the oxygen content of a marine environment is a significant factor in the corrosion of copper.  
In aerobic marine environments the principal cathodic reaction in the corrosion of copper is 
the reduction of oxygen, whereas in anaerobic environments biological activity can cause the 
corrosion [Scott 2002]. 
As mentioned above, in aerobic marine environments the principal cathodic reaction in 
corrosion of copper is the reduction of oxygen.  However, some additional features of the sea 
can enhance this corrosion mechanism.  For example, where water containing oxygen (and 
possibly entrained air bubbles) moves over a metallic surface, the rate of attack is not likely to 
be limited by shortage of oxygen.  Furthermore, if the water carries sand or other particles 
with it, which impinging at some particular point, this also keeps damaging a film that would 
otherwise stifle attack [Evans 1981; Nunez et al. 2005].  In general, different corrosion 
compounds are stable, depending on the pH and the ionic species present in the seawater.  The 
corrosion products found on copper artefacts on the sea-bed generally consist of an outer layer 
of green-blue copper(II)chlorides (atacamite and paratacamite) overlaying a red brown layer 
of the copper(I)oxide, cuprite.  CuCl (nantokite) has only been found on the surface of 
artefacts under the layers of copper(II)chlorides and cuprite [MacLeod 1991].  This cuprous 
chloride is a major component in the development of pitting corrosion [North and MacLeod 
1987].  Since this corrosion mechanism is also a very important component in the 
deterioration of bronzes after excavation (where it is called bronze disease), the principle of 
pitting corrosion as a consequence of chloride is explained under “Corrosion after excavation 
(bronze disease)”. 
Because of biological activity, copper objects in anaerobic environment will not necessary be 
well preserved.  In these environments, the sulphate-reducing bacteria are a particularly 
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important cause for the corrosion of metals [Scott 2002].  The most common mineral found 
on copper excavated from anaerobic environments is chalcocite (Cu2S), with smaller amounts 
of covellite (CuS) [MacLeod 1991; Hamilton 1998]. 
Many artefacts recovered from the sea are associated with shipwrecks.  At such sites, marine 
life, algae, rotting timbers, coral, and so on, may strongly influence the local environment.  As 
a result, such artefacts may be heavily covered with concretions [Scott 2002].  However, 
many copper compounds are toxic to marine organisms and this greatly reduces the growth of 
such organisms on copper artefacts.  As a result copper objects are generally found 
unconcreted or only lightly concreted [North and MacLeod 1987]. 
 
Corrosion after excavation (bronze disease) 
The term “bronze disease” has long been used to describe the appearance of powdery light 
green spots on the surface of archaeological copper alloys after excavation.  Objects 
exhibiting this form of corrosion were once said to be diseased or sick, and the cause was 
attributed to bacterial or fungal infection.  However, it is now known that this corrosion is 
caused by chloride contamination.  Bronze disease originates from the existence of cuprous 
chloride (nantokite) in close proximity to whatever metallic surface may remain.  As long as 
the nantokite is isolated from the surrounding air by the outer layers of corrosion, it remains 
unreacted.  However, if the protective outer material covering the nantokite is cracked, 
damaged, or even removed, the nantokite is exposed to the surrounding environment.  
Reaction with moisture and oxygen causes this unstable compound to convert to one of the 
copper trihydroxychlorides [Scott 2002; Selwyn 2004]. 
Bronze disease is a form of pitting corrosion which includes the presence of a deposit of 
cuprous chloride under a layer of cuprite (Cu2O).  The cuprite layer acts as a bipolar 
electrode: corrosion (anodic) reactions occur on the metal side of the cuprous oxide 
membrane, while oxygen reduction (cathodic) reactions occur on the environmental side 
(Figure 1.3).  The driving force for the pitting reaction is the concentration gradient of 
copper(I) species between the bottom of the pit and the corrosion mound above the Cu2O 
film.  In the presence of chloride ions, the normally insoluble CuCl can further react to form a 
series of soluble complexes, such as CuCl2- and CuCl32-, in the pit.  These copper(I) species 
diffuse through cracks in the Cu2O membrane and are then oxidized by molecular oxygen to 
cupric ions 
−++ +→ eCuCu 2  
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while oxygen is reduced to hydroxide ions: 
−− →++ OHeOHO 442 22  
 
 
Figure 1.3.  Schematic representation of the major oxidation and 
reduction reactions involved in bronze disease [after MacLeod 1981]. 
These reactions occur within the mound of the corrosion above the pit and can vary depending 
on whether carbonate ions, chloride ions or other ionic species are available to interact with 
the copper.  The hydrolysis of CuCl can be combined with oxidation to form the copper 
trihydroxy chloride Cu2(OH)3Cl by the following reaction: 
HClClOHCuOOHCuCl 2)(244 3222 +→++  
Depending on the carbonate ion concentration, the formation of malachite may occur in 
preference to the formation of the copper chlorides.  The reaction can then be described by: 
2323223 2)()(4 CuClCaCOOHCuCuCOOHCOCaCuCl ++→++  
 
The anodic reaction inside the pit is the oxidation of cuprous to cupric ions at the Cu2O 
surface: 
−++ +→ eCuCu 2  
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Which in turn attack the copper metal to form more cuprous ions:  
++ →+ CuCuCu 22  
This causes the pit to deepen [MacLeod 1981; North and MacLeod 1987; Scott 1990; Scott 
2002].  The precise function of the CuCl layer at the bottom of the pit in the above reaction is 
not clear, but it may be an intermediate in the chemical attack of cupric ions on the metal 
[MacLeod 1981; Selwyn 2004].  The presence of chloride ions within the pit can cause 
cuprous chloride to form, which can restart the whole process. 
 
1.2.3. Typical copper corrosion compounds 
An overview of common copper minerals and corrosion products is given in Table 1.1., which 
is followed by a short description of the corrosion products which are most relevant for this 
work. 
 
Copper oxides 
The most widely occurring alteration product of ancient copper and its alloys is cuprite, Cu2O.  
Cuprite typically has a lustrous dark red to orange red colour, although it may exhibit a range 
of colours; yellow, orange, red or dark brown, depending on impurities, non-stoichiometry 
and particle size.  Cuprite occurs over a wide range of conditions; it can form on a bronze by 
exposure to moist air, by tarnishing in use, or during burial.  For the majority of bronzes, 
cuprite is the corrosion layer which immediately overlays the original metallic surface.  
Usually most of the cuprite is concealed beneath overlaying green basic copper salts [Scott 
2002; De Ryck 2003]. 
Tenorite is usually a dull black cupric oxide, CuO.  Tenorite is a rare component of natural 
patinas.  When it is present as a patina constituent, it usually indicates that the object has been 
subjected to heating (e.g. by fire) before or during burial [Scott 2002]. 
 
Copper carbonates 
Only two of the copper carbonate minerals are important as corrosion products; these are the 
green malachite (Cu2(OH)2CO3) and the blue azurite (Cu3(OH)2(CO3)2).  The two minerals 
are often identified in bronze patinas formed during land burials.  Their formation on buried  
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Table 1.1.  Typical copper corrosion products (after [Scott 2002; Selwyn 2004]). 
Chemical name Mineral name Chemical formula Color 
copper(I) oxide cuprite Cu2O red 
copper(II) oxide tenorite CuO black 
copper(II) hydroxide spertiniite Cu(OH)2 blue green 
copper(II)carbonate hydroxide malachite Cu2(CO3)(OH)2 pale green 
copper(II)carbonate hydroxide azurite Cu3(CO3)2(OH)2 blue 
copper(II)carbonate hydroxide georgeite Cu2(CO3)(OH)2 pale blue 
copper(II) sodium carbonate 
trihydrate 
chalconatronite Na2Cu(CO3)2.3H2O greenish blue 
copper(I)chloride nantokite CuCl pale grey 
copper(II)chloride hydroxide atacamite Cu2Cl(OH)3 pale green 
copper(II)chloride hydroxide paratacamite Cu2Cl(OH)3 pale green 
copper(II)chloride hydroxide clinoatacamite Cu2Cl(OH)3 pale green 
copper(II)chloride hydroxide botallackite Cu4Cl2(OH)6.3H2O pale green 
copper(II) hydroxide sulphate brochantite Cu4(SO4)(OH)6 dark green 
copper(II) hydroxide sulphate antlerite Cu3SO4 vitrious green 
copper(II) hydroxide sulphate 
monohydrate 
posnjakite Cu4(SO4)(OH)6.H2O vitrious green 
copper(II) sulphate 
pentahydrate 
chalcanthite CuSO4.5H2O deep blue 
copper(I) sulphide chalcocite Cu2S blackish grey 
copper(II) sulphide covellite CuS dark blue  
 
copper alloys is promoted by high levels of carbonate ions in groundwater [Selwyn et al. 
1996].  Furthermore, malachite and azurite are also found as minor phases in corrosion 
products formed during outdoor exposure or sea burial and as post excavation alteration 
products of other minerals [Scott 2002]. 
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Malachite usually forms smooth, dark green compact layers on the surface of a bronze [De 
Ryck 2003].  Malachite can be a significant component of patinas that have developed during 
corrosion of copper alloys buried into the soil, where it usually forms over an initial cuprite 
layer. 
The formation of azurite is favoured at higher carbonate levels [Selwyn et al. 1996].  
However, azurite is less stable than malachite and may be converted to it in the presence of 
moisture through the loss of carbon dioxide.  Probably for this reason, azurite is less common 
than malachite.  Azurite sometimes occurs on objects as a compact, continuous, dark blue 
layer, but more frequently as fine crystal aggregates scattered among patches of malachite 
[Scott 2002]. 
 
Copper chlorides 
Chloride containing corrosion products are normally associated with a marine environment 
[Selwyn et al. 1996].  However, the copper chlorides catch the most attention for their role in 
bronze disease (discussed under 1.2.2 Corrosive environments).  The most important copper 
chlorides in bronze corrosion are nantokite (cuprous chloride), CuCl, and the copper 
trihydroxychlorides: atacamite, paratacamite, clinoatacamite and botallackite, all of which are 
isomers of Cu2(OH)3Cl [Scott 2002]. 
Nantokite is a naturally occurring, pale grey, wax-like mineral with low solubility in water.  It 
forms under conditions of high chloride ion concentration, acidity and low oxygen conditions.  
In moist air, nantokite is unstable and it reacts with oxygen and water to produce copper 
trihydroxy chlorides and hydrochloric acid [Scott 2002; Selwyn et al. 1996]. 
The main copper chloride hydroxides, also called basic copper chlorides, are atacamite (alfa-
Cu2Cl(OH)3) and paratacamite (gamma-Cu2Cl(OH)3).  Atacamite and paratacamite are 
naturally occurring minerals with the same chemical formula but different crystal structures. 
They both have green colours.  On outdoor bronzes, atacamite and paratacamite are mostly 
found in sheltered and partly exposed areas.  These are areas not readily washed by rain, 
where enough chlorides could accumulate [Selwyn et al. 1996].  Furthermore, they are often 
found as a powderly, light green, secondary corrosion layer in pustules from the 
transformation of nantokite [Scott 2002].  The name “bronze disease” originates from this 
phenomenon [Selwyn et al. 1996]. 
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Copper sulphates 
The copper sulphates are important primarily as corrosion products of copper alloys exposed 
to polluted atmospheres in urban environments.  The most important basic sulphates that tend 
to form during outdoor exposure are brochantite (Cu4(OH)6SO4), antlerite (Cu3(OH)4SO4) and 
in a lesser extent, posnjakite (Cu4SO4(OH)6.H2O) [Scott 2002]. 
Brochantite and antlerite are naturally occurring green minerals.  Brochantite is the most 
stable and usual corrosion product to form on copper alloys exposed to the atmosphere.  
Antlerite is brittle and somewhat softer than brochantite.  They are common corrosion 
products in the green patina on outdoor bronze statues [Selwyn et al. 1996]. 
The mineral posnjakite (Cu4(SO4)(OH)6.H2O) is light blue and has been detected on outdoor 
bronzes.  It differs from brochantite only in having hydration water and it is thought to be a 
precursor to brochantite formation.  Posnjakite and the other copper sulphate hydroxide 
hydrates may indicate recent active corrosion.  On the other hand, their presence may also be 
a result of reactions occurring during storage after sampling and before analysis [Selwyn et al. 
1996]. 
 
Copper sulphides 
Sulphides are found in corrosion that varies from patinas formed in oxygen deficient, aqueous 
environments to tarnish caused by undesirable museum pollutants [Scott 2002]. 
On objects buried in seawater sediments, removed from oxygenated conditions, copper 
sulphides are a common corrosion product.  H2S is produced there by sulphate reducing 
bacteria growing in anaerobic conditions.  In this environment, the whole range of 
compositions from covellite, CuS, to chalcocite, Cu2S, is represented [Selwyn et al. 1996; 
Hamilton 1998; Scott 2002]. 
Chalcocite is also known to form when copper is exposed to air containing hydrogen sulphide 
or sulphur dioxide.  Both gasses can result from industrial pollution or museum pollutants 
[Selwyn et al. 1996]. 
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1.2.4. The effect of alloying elements 
The corrosion of copper-based alloys in a certain environment is not only dependent on the 
chemistry of copper in that environment, but also on the behaviour of major alloying elements 
such as tin, lead and zinc and trace elements such as arsenic and antimony [MacLeod 1991].  
Often the influence of an alloying element originates from a dealloying effect, which is the 
selective or preferential removal of the more chemically active constituent of an alloy 
[Selwyn 2004]. 
Brasses with substantial amounts of zinc may lose the alloying element through the process of 
dezincification.  This is typical example of the galvanic corrosion of a binary alloy during 
which zinc is preferentially lost from the brass, often with intergranular corrosion and severe 
penetration of corrosion into the metallic matrix [Scott 2002]. 
Copper-tin alloys can undergo selective removal of the copper (decuprification) or selective 
removal of the tin (destannification) [Scott 2002; Selwyn 2004].  A generic model of the 
corrosion layers found on Cu–Sn alloys identifies two typical structures.  The type I structure 
is defined by a tin-enriched outer layer, grown under and preserving the original surface of the 
alloy.  Often an inner layer, irregular in shape and thickness and characterized by a copper 
content lower than the alloy and by the presence of oxygen, can be found as well.  This type is 
observed in low aggressive environments [Robbiola et al. 1998] and its formation is the result 
of a decuprification mechanism with occurs through the following steps: tin, the less noble 
component of the alloy, oxidizes first leading to a passivating tin oxide layer.  This partially 
protective layer inhibits copper dissolution from the alloy, in comparison with pure copper.  
The diffusion and dissolution of copper through the oxide layer, associated with oxygen 
diffusion towards the alloy/oxide interface, lead to tin enriched corrosion products [Mabille et 
al 2003]. 
The type-II structure is commonly observed in the case of ‘bronze disease’, and occurs in 
local or general conditions of acute aggressiveness, often in presence of chloride anions.  It is 
modelled by a distinctive three-layer structure, characterized by the presence of cuprous oxide 
and by an increased chloride contents at the internal layer/alloy interface related with selective 
dissolution of copper.  The corrosion layer of this type is growing at the expense of the bulk 
alloy, possibly until its complete alteration [Robbiola et al. 1998]. 
In addition to zinc and tin, the common alloying elements of lead, arsenic or antimony may 
also behave anodically to copper.  Since lead is insoluble in copper at room temperature, it is 
usually present in the form of discrete globules as a separate phase from the copper alloy.  
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This segregation can result in severe corrosion of the lead phase.  The globules are surrounded 
by a largely cathodic copper region; this can cause the lead to become oxidized to the basic 
carbonates or oxides.  Similar events may occur with arsenic and antimonial alloys of copper.  
Although these elements can form solid solutions of various types, the arsenic and antimony 
impurities still tend to be concentrated at the grain boundaries, which may result in dendritic 
segregation and coring of the interdendritic regions.  The compositional gradients between 
these regions may result in an electrochemical potential, producing enhanced corrosion of one 
phase or component of the alloy [Scott 2002]. 
 
 
1.3. Conservation methods 
Corrosion on metal objects may be valued for its colour, beauty or stability.  But it may also 
be disfavoured if it masks the object’s intended surface.  Moreover, it can even be dangerous 
if it weakens the object’s physical structure.  One of the first steps in caring for metal objects 
is therefore to determine whether corrosion is desirable or dangerous.  Where corrosion is 
found to be a problem, strategies have to be sought to prevent it from happening or to 
successfully treat the problems it causes [Selwyn 2004].  There are several definitions in use 
to describe these actions.  According to Shute [1978], all these actions can be classified under 
conservation.  Conservation then encompasses three explicit functions: examination, 
preservation, and restoration.  Examination is the preliminary procedure taken to determine 
the original structure and materials comprising an artefact and the extent of its deterioration, 
alteration, and loss.  Preservation is action taken to retard or prevent deterioration or damage 
in cultural properties through control of their environment and/or treatment of their structure 
in order to maintain them as nearly as possible in an unchanging state.  Restoration is action 
taken to return a deteriorated or damaged artefact as nearly as is feasible to its original form, 
design, colour, and function with minimal further sacrifice of aesthetic and historic integrity 
[Shute 1978].  However, care must be taken using this nomenclature since many authors use 
conservation as a synonym of preservation.  Apart from conservation, two other steps should 
be considered as well.  It is not always possible to treat an object immediately after 
excavation.  Therefore, storage prior to treatment may also need attention.  Furthermore, the 
storage or exhibition environment after conservation needs to be well controlled in relation to, 
for example, the relative humidity and aggressive air pollutants, in order to prevent renewed 
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corrosion of the object.  Therefore the operations from the time an object is excavated to its 
ultimate place of storage or exhibition can be separated into six basic stages [Hamilton 1998]: 
1. storage prior to treatment 
2. examination 
3. cleaning 
4. stabilization 
5. restoration (optional) 
6. storage or exhibition after cleaning 
This classification is independent of the corrosive environment in which the artefacts are 
found.  In this work, however, further discussion of the treatment steps is restricted to the 
treatment of artefacts recovered from wet salty environments.  Special attention is given to the 
stabilization techniques since this work deals with the stabilization of copper-based artefacts 
from wet salty environments.  The restoration of artefacts, on the other hand, will not be 
discussed in this work. 
 
1.3.1. Storage prior to treatment 
Generally, archaeological artefacts recovered from wet saline environments should not be 
exposed directly to the atmosphere, especially when they contain aggressive chloride species, 
as the metal may corrode at an accelerated rate in the oxygen-rich air.  Generally speaking, all 
marine metal objects should be kept submerged in water with an inhibitor added to prevent 
further corrosion.  Tap water can be used for all storage solutions and electrolytes until the 
chloride level of the solution is less than that of the tap water [Hamilton 1998].  For copper 
alloys alkaline inhibitive solutions, such as a 5 percent solution of sodium carbonate, are used, 
but they are not satisfactory for long-term storage.  During this storage any adhering 
encrustation or corrosion layers should be left intact until the objects are treated, since they 
form a protective coating which retards corrosion [Hamilton 1998]. 
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1.3.2. Examination  
There are two reasons for scientific investigations of works of art.  The first reason concerns 
the present state of the objects.  Prior to treatment, any artefact must be critically evaluated in 
order to ascertain the condition of the metal, associated organic material, and/or other 
material, such as ceramic and glass.  In some cases even a simple physical examination can be 
sufficient.  It is necessary to have some estimate of the thickness and the regularity of the 
encrusted layer, the strength of the residual metal, and the presence of ornaments, taking 
special note of the presence of fine details or possible cracks.  To reveal the presence of 
hidden ornaments in cases where the metal is heavily corroded, it may be necessary to use X-
rays.  Only after the artefact is evaluated and all options are considered, there should be 
decided upon a course of action [Plenderleith 1956; Hamilton 1998; Argyropoulos 2003]. 
The second reason for material analysis of works of art and archaeology concerns, amongst 
others, the questions of where, when and by whom an object was made.  Stylistic 
considerations can often provide answers to these questions.  However, as styles were 
sometimes copied at locations and times quite different from those for which they were most 
characteristic, material analysis is often essential when attempting to infer how and of what 
materials an object was made.  For example, the deliberate alloying of Cu with Sn, As, Sb and 
Pb has varied greatly from region to region and from time to time and can be used to presume 
the geographic origin of an object or at least the origin of the materials it was made of.  
Furthermore, copies or fakes offered on the world market are sometimes so well made and 
aged that they will deceive even the most expert opinion.  An analytical approach enables in 
many cases to differentiate between copies or fakes and the original [Mantler et al. 2000]. 
 
1.3.3. Cleaning  
Many artefacts may be heavily covered with concretions [Scott 2002].  Copper alloys do not 
usually form a massive concretion with seabed material, although they may be incorporated 
into iron concretions.  The first step in treating any copper alloy artefact is to decide whether 
the concretion and/or corrosion product layer is to be retained or removed.  For those cases 
where a thick corrosion layer obscures surface markings, complete removal of the corrosion 
products can be desirable.  With other copper-based artefacts it is sometimes considered 
aesthetically pleasing to preserve the corrosion products [North 1987].  Figure 1.4 shows a 
diagram by Organ [1977] that indicates the options that a conservator has for cleaning a 
copper object.  There are four options: the first possible option (upper left-hand quadrant) is to 
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stabilise the object without changing it.  The second option (upper right-hand quadrant) is 
local cleaning, that is, removing the outer crust.  This can be restricted to removing the 
concretions or it can imply cleaning down to the original surface of the object [Bertholon 
2001].  The lower right-hand quadrant shows the combination of the two previous options: 
cleaning to a certain extent, but also stabilization.  The fourth quadrant represents complete 
stripping of all corrosion products right down to the metal and possibly beyond, into any 
corrosion pits in the surface of the metal, so that all corrosive agents, such as for example 
cuprous chloride, are removed [Organ 1977]. 
 
Figure 1.4.  Diagram showing four options the conservator 
may choose in cleaning a bronze object [Organ 1977]. 
 
The first option, stabilization only, is described in the subsection “Stabilization”. 
For cleaning corroded metals, there are three methods in use: mechanical methods, the use of 
solvents and reduction methods (electrochemical or electrolytic) [Plenderleith 1956].  In 
general, the bulk of the calcareous concretions are removed mechanically, since this is often 
much easier and safer than chemical treatments for large concretions [Pearson 1987]. 
In the case of the bronzes, where it is desired to preserve the corrosion product layer or part of 
the corrosion layer (2th and 3th quadrant), the removal of the marine concretions is done 
mechanically.  With the “aesthetically concreted” artefacts, concretion removal is generally 
not desired, but if it should be required in any area, for example to reveal a name plate, only 
hand tools should be used [North 1987]. 
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When the corrosion layer can be sacrificed, chemical stripping of the corrosion products can 
further be used to give a bare metal surface.  These stripping agents can also remove the 
residual calcareous concretions from the artefact, thus avoiding the very monotonous labour-
intensive mechanical cleaning [North 1987].  Citric acid with thiourea inhibitor [North 1987, 
MacLeod 1987], alkaline dithionite [MacLeod 1987; Fox 1995], alkaline Rochelle salt, 
Calgon® (sodium hexametaphosphate) and dilute sulphuric acid [Plenderleith 1956] have all 
been used as stripping agent for marine copper alloys.  More information on these methods 
can be found in several handbooks on corrosion and conservation, for example the ones from 
Plenderleith [1956], Stambolov [1985], Pearson [1987] and Scott [2002]. 
Alternatively corroded copper alloys may be dealt with by electrochemical or electrolytic 
reduction [Plenderleith 1956; Costa 2002].  In electrolytic cleaning, the metal to be cleaned is 
connected to the negative terminal of a low-voltage DC source, whilst an inert metal such as 
stainless steel is connected to the positive terminal.  Both are immersed in an electrolyte.  The 
main reduction reaction at the cathode is the formation of hydrogen gas which, forming as 
bubbles on the metal surface below the corrosion crust, tends to force this layer into the bath, 
thereby cleaning the metal ‘mechanically’.  Secondary reduction reactions of the corrosion 
crust to form either more easily removable corrosion products or even powdery metal, which 
is then brushed off, may occur [Plenderleith 1956; North 1987; Cronyn 1990; Hamilton 1998; 
Degrigny 2003].  Apart from electrolysis, hydrogen for these reduction reactions can be 
produced by an electrochemical or galvanic reaction.  In a conducting solution the artefact is 
brought into contact with a piece of less noble metal.  This latter corrodes while electrons are 
supplied to the object, allowing the formation of hydrogen bubbles or the reduction of the 
tarnished layer [Plenderleith 1956; Cronyn 1990].  However, since it is not possible to control 
the electrode potential of the artefact being treated, galvanic cleaning is not a favorable 
alternative [Hamilton 1998; Costa 2002]. 
 
1.3.4. Stabilization 
The objective of stabilization is to treat any given object so that it becomes stable and does 
not lose any of its diagnostic attributes.  The stabilization of chloride contaminated copper-
based artefacts requires that the adverse chemical action of the chloride is prevented 
[Hamilton 1998].  This can be accomplished by: 
1. removing the cuprous chloride 
2. converting the cuprous chloride to harmless cuprous oxide 
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3. sealing the cuprous chloride in the specimen from the atmosphere 
Each of these options will be discussed in this subsection.  However, one has to bear in mind 
that, in practice, this distinction is not always very clear.  There is often a certain overlap 
between the different options. 
 
1.3.4.1. Removing cuprous chloride 
The fastest way to remove cuprous chlorides is the use of stripping methods such as those 
discussed in the subsection “cleaning”.  However, although the metal appears to be clean and 
solid after the chemical stripping is complete, there are still a large number of crevices in the 
metal which are invisible to the naked eye.  These crevices often contain chlorides and 
residual chemical solvents.  If the artefacts are not treated further, spots of bronze disease will 
appear quite rapidly.  Therefore, chloride and residual chemical solvents must be removed 
from the copper alloys by other methods [North 1987]. 
Deionized water, 1 wt% and 5 wt% sodium sesquicarbonate are commonly used in the 
conservation of copper, brass and bronze artefacts [North 1987; MacLeod 1984; MacLeod 
1987].  Distilled or deionised water will gradually wash out chloride ions from corroded brass 
and bronze artefacts without changing the patina of the objects.  However, these will normally 
be an insufficient driving force to remove significant amounts of chloride ions.  Effective 
stabilization in deionised water can only be attained if washing periods of two to four years 
are used [MacLeod 1987]. 
A technique of stabilization which has often been used, is the prolonged soaking of an object 
in dilute sodium sesquicarbonate.  Soaking the artefacts in this solution removes the cuprous 
chlorides from the artefact.  In practice, one keeps changing the solution until chloride can no 
longer be detected [Plenderleith 1956; Oddy and Hughes 1970; Organ 1977; North 1987].  
The role of sodium sesquicarbonate in counteracting the chloride salts in bronze patina is 
relatively complicated.  Yet, it has been determined that the chlorides leave the patina if the 
object is immersed in a solution of sodium sesquicarbonate.  Solutions of this chemical are 
mildly alkaline and they neutralize the hydrochloric acid, liberated by the attack of the 
chlorides on copper [Oddy and Hughes 1970].  Furthermore sodium sesquicarbonate, owing 
to its bicarbonate group, reacts with copper and produces basic copper carbonates (malachite) 
which either covers the metal or fills up the pores in the patina, two protective effects.  For the 
removal of the chloride salts from a bronze object, frequent replacement of the 5 wt% solution 
of sodium sesquicarbonate is necessary [Stambolov 1985].  Although the 5 wt% solution of 
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sodium sesquicarbonate removes chloride ions at an initial rate of five times that for a 1 wt% 
solution, it does so at the expense of removing more copper from the artefact [MacLeod 
1987].  If retention of the original patina is of importance, then the choice of less concentrated 
sesquicarbonate solutions should be made [MacLeod 1987b].  In both cases, the objects need, 
however, periodic checking during the long wash times.  During treatment of corroded objects 
made of copper and its alloys, the washing solutions should be routinely monitored for 
chloride, copper, lead, tin and zinc concentrations to check the effectiveness of the treatment 
with regard to chloride removal and prevention from corrosion.  The chloride release rate is 
normally linearly dependent on the square root of time until it reaches a plateau.  Then the 
wash solution should be changed.  If the chloride release continues to show a linear 
dependence on time1/2 after changing the wash solution, the treatment must be continued 
[MacLeod 1984].  An example is given in Figure 1.5. 
           
Figure 1.5.  Plot of copper and chloride concentrations in a 1 wt% sodium sesquicarbonate 
solution versus the square root of time.  The artefacts were a set of three bronze door pintles 
recovered from the Batavia (1629) (after MacLeod [1984]).
As copper goes into solution, the copper concentration shows a linear time1/2 response, but it 
will often reach a plateau before the chloride does.  In some cases the amount of copper in 
solution can even decrease; the most common cause of falling copper concentrations is 
precipitation as an insoluble copper compound.  MacLeod [1984] mentions for example the 
precipitation of Cu2(OH)3Cl and of chalconatronite (Na2Cu(CuO3)2.3H2O).  The precipitation 
of the latter has also been mentioned by Pollard [1990].  Furthermore, the formation of 
tenorite (CuO) has been reported as well [Horie 1982].  Besides monitoring the chloride and 
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the metal concentration, periodic measurements of the solution pH and metal corrosion 
potential can also be used.  They provide information on the thermodynamic stability of the 
artefacts when combined with Pourbaix diagrams [MacLeod 1984]. 
 
1.3.4.2. Converting cuprous chloride to harmless cuprous oxide 
Stabilization in sodium sesquicarbonate solutions may take months up to years to finish 
[Plenderleith 1956; Organ 1977; North 1987; Hamilton 1998].  Because of time constrains, 
many conservators may need to be able to speed up the treatment programmes.  
Consequently, other techniques are sought to avoid the protracted sodium sesquicarbonate 
process [Organ 1977].  A new application of electrolysis for the dechlorination of copper 
alloys has been developed for this purpose.  Electrolytic treatment with weak polarization 
(also referred to as electrolysis under low overvoltage [Bertholon et al. 1997]) in a sodium 
sesquicarbonate solution permits the extraction of the chlorides and is believed to preserve the 
stable corrosion products, like cuprite and the copper hydroxycarbonates [Païn 1991; Lamy 
1997].  This technique is based on the selective reduction of a specific corrosion product and 
on the removal of chlorides or other aggressive species.  Figure 1.6 shows a typical 
arrangement for the electrolysis under low overvoltage.  The artefact is immersed in a 
conducting solution (electrolyte) and connected to a potentiostat.  It is surrounded by a 
counter-electrode (to complete the electric circuit).  Furthermore, a reference electrode allows 
precise control of the potential applied on the artefact. 
 
Figure 1.6.  Schematic representation of the experimental set-up for 
electrolysis under low overvoltage (RE = reference electrode, CE = 
counter electrode) (after [Bertholon et al. 1997]).
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This kind of treatment was carried out to increase the rate of extraction of chlorides from iron, 
copper and aluminium mineralised objects [Costa 2002; Degrigny 2003].  For copper-based 
objects, the artefacts are immersed in a 1wt% sodium sesquicarbonate solution and a cathodic 
potential of -0.74 – -0.76 V (versus a mercury-mercurous sulphate reference electrode) is 
applied [Bertholon et al. 1997; Lamy 1997]. 
 
1.3.4.3. Sealing cuprous chloride in the specimen from the atmosphere 
The most common approach to the protection of copper alloys currently in use is inhibition, 
which has been brought about largely by the development of the inhibitor benzotriazole 
(BTA) [Cronyn 1999].  The actual mechanism of inhibition is still under investigation, 
however, it appears that the benzotriazole molecules are adsorbed onto the cuprite and 
complexed onto the nantokite, rendering them inert and forming a water barrier protecting any 
remaining copper [MacLeod 1987].  It must be emphasized that the BTA treatment does not 
remove the cuprous chloride from the artifact.  It merely forms a barrier between the cuprous 
chloride and the moisture in the atmosphere.  Therefore, for artefacts heavily contaminated 
with chloride, such as marine-recovered cupreous objects, BTA treatment should follow any 
stabilization process and precede any final sealant [North 1987; Hamilton 1998]. 
A treatment with silver oxide is usually used for local chloride contamination, like for 
example in corrosion pits [North 1987].  After mechanically cleaning the corrosion pit, a little 
silver oxide is put in the cavity.  One makes the oxide react at its interface with the cuprous 
chloride by putting it in a damp place.  This supposedly seals over the edge by formation of 
silver chloride [Organ 1977]. 
 
1.3.5. Storage or exhibition after cleaning 
Traditionally, methods of protection have been based, more or less, on the definition of 
corrosion, i.e., the interaction of a metal with its environment leading to deterioration of the 
metal.  Accepting such a definition, it then appears logical to protect a metal by: 1) treating 
the metal to render it corrosion resistant; 2) treating the environment to render it non 
corrosive; 3) separating the two.  The first option is rather difficult to achieve since, in an art-
historical context, one is dealing with already existing metal artefacts.  Consequently, alloying 
and galvanizing are not options.  The control of the environment can be done in museum 
cases or storage depots, but this is not always easy.  Therefore, the last option is the most 
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generally used [Foley 1977].  Separation of the metal from the environment can be achieved 
by the removal of water from the object whereafter, once dried out, barriers such as waxes or 
lacquers may be applied to prevent the re-entry of water.  However, since these are never 
totally successful, their use is limited [Cronyn 1999]. 
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 Chapter 2 
 
Methods 
 
In this chapter, the theory of corrosion potential measurements is discussed, followed by a 
brief description of the other analytical techniques performed in parallel, to understand the 
surface reactions that take place during the immersion processes.  They include linear sweep 
voltammetry (LSV), chronoamperometry (CA), synchrotron radiation X-ray diffraction 
spectrometry (SR-XRD), X-ray absorption spectroscopy (XAS), scanning electron 
microscopy with energy dispersive X-ray detection (SEM-EDX) and optical microscopy 
(OM).  The basic principles of all techniques will be touched upon, except for optical 
microscopy for which we refer to the literature, e.g. the work of Simpson and Simpson 
[1988].  
 
 
2.1. Corrosion potential measurements 
2.1.1. The corrosion potential 
A characteristic of corrosion phenomena is the presence of two different, simultaneously 
occurring electrochemical processes on the surface, one giving rise to an anodic and the other 
to a cathodic partial current.  The two systems involved in this process are the corroding metal 
(M) and an electron acceptor (EA).  The total current-potential curve is the sum curve of two 
partial curves.  Figure 2.1 gives a schematic representation of this principle.  The total current 
potential curve, scorr, is constructed from the current-potential curves of the corroding metal, 
sM, and the electron acceptor, sEA.  The latter current-potential curves are in turn composed of 
their anodic (aM and aEA) and cathodic (cM and cEA) half reactions.  If there is no net current 
flowing through the surface, the corroding electrode spontaneously adjusts itself to the 
potential for which the currents of the corroding material and the electron acceptor are equal 
and opposite.  The latter is not an equilibrium potential but a rest potential, implying that the 
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conversion of reactants to products still takes place on the surface.  An electrode of this type 
is called a mixed electrode, and the corresponding rest potential is called the mixed potential.  
Inevitably, this potential lies between the corresponding standard electrode potentials for the 
separate couples (i.e. metal and electron acceptor). 
In corrosion processes, the mixed potential is referred to as the corrosion potential (Ecorr).  In 
this case, the anodic partial reaction is always the metal oxidation, while the cathodic partial 
current may be due to reduction of H+ to H2 (acid corrosion) or of O2 to H2O or oxides (rust 
formation) [Crow 1994; Hamann et al. 1998]. 
icorr
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Figure 2.1.  Schematic representation of the current-potential curves of a corroding system with 
curve sM: summation of curves aM and cM; curve sEA: summation of curves aEA and cEA; curve 
scorr: summation of curves sM and sEA. 
The corrosion potential of a metal in a certain solution is obtained by measuring the potential 
of the working electrode with respect to a reference electrode without any passage of current 
from an external circuit (i.e. the open circuit potential). 
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In general terms, the corrosion potential provides information on the surface reactivity and 
results from three major components: the metal, the solution and the interface between the 
metal and the solution.  In the next paragraphs, these components are discussed separately. 
 
a) The metal 
First of all, the corrosion potential is determined by the metal itself.  In the case of a pure 
metal, the corrosion potential is more positive for a more noble and stable metal [Costa 2003].  
In galvanic series, metals and alloys are ranked in order of their corrosion potential in specific 
environments, which reflects their tendency to corrode in the environment considered.  The 
fact that the corrosion potential depends on the metal can, for example, be used to provide 
conservators a simple tool to determine the nature of metal artefacts in a qualitative way 
[Galea 2004; Ruvinskaya 2005].  A typical galvanic series of a number of commercial metals 
and alloys in seawater is given in Table 2.1 [Hack 1988]. 
Table 2.1.  Galvanic series of some commercial metals and 
alloys in seawater [Hack 1988]. 
range metals 
noble to platinum 
titanium 
silver 
nickel 
lead 
copper 
mild steel 
cadmium 
zinc 
active magnesium  
 
b) The solution 
As mentioned above, the environment, in this case the solution in which the metal is 
immersed, also plays an important part in the value of the corrosion potential.  The corrosion 
potential is not only influenced by the composition of the solution itself, but also by the 
solution characteristics: the temperature, the pH (increase in pH tends to decrease the 
corrosion potential), the amount of dissolved oxygen (the corrosion potential decreases if the 
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amount of dissolved oxygen in the solution decreases) and the presence of other dissolved 
species [Degrigny 2003]. 
 
c) The interface between metal and solution 
Since the corrosion potential reflects the reactions taking place on the metal surface, it is 
influenced by the surface conditions and the presence of a coating, oxide layers or deposits 
[Sato 2000; Degrigny 2003].  Therefore, corrosion potential measurements can be used as an 
indication method for the presence of coatings and/or patinas [Virtanen et al. 2002; Cicileo et 
al. 2004].  For these applications, it may be useful to record the corrosion potential in function 
of time, which is discussed in detail in the next section. 
 
2.1.2. Corrosion potential – time measurements 
Potential-time relationships have been widely used for studying film formation and film 
breakdown, as indicated by, respectively, an increase or decrease in the corrosion potential 
[Shreir 1976; El-Mahdy et al. 2000].  For example, repitting events on iron and steels are 
reflected by fluctuations of the corrosion potential.  Figure 2.2 represents the typical form of 
prepitting events, showing the several stages in pit initiation: (a) pit nucleation (onset of the 
rest potential decrease), (b) micropit growth (quick potential decay), (c) termination of this 
growth and (d) pit repassivation [Baroux 1995]. 
time
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Figure 2.2.  Schematic representation of corrosion potential fluctuations 
due to prepitting events [Baroux 1995]. 
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The change of Ecorr with time may be explained by the modifications of the half reactions 
during the corrosion of passivation reactions.  Figure 2.3 gives two examples of how changes 
of the metal surface can result in the modification of the corrosion potential.  For these 
examples, the metal composition and the solution are considered to be stable.  In this way 
only the metal-interface is altered. 
 
Figure 2.3.  Modification of Ecorr based on half reactions developed on a metal surface (after 
[Degrigny 2003]).  a. passivation behaviour; b. active corrosion. 
For the first example (Figure 2.3a), a protective layer is deposited on the metal surface, which 
limits potential current flows from the metal surface to the solution.  Typical examples are the 
air-formed oxide films on metal surfaces.  As a function of time, this film can thicken and, in 
this way, imply a better corrosion protection.  The current-potential plot thereby changes from 
the full curve to the dashed curve.  The latter implies that when the oxide film thickens, the 
corrosion potential becomes more noble.  This behaviour is called passivation [Kuhn 1987].  
In case of the second example (Fig 2.3b), the opposite happens: a protective film is breaks 
down as a function of time.  This renewed or enhanced corrosion gives rise to a descent in the 
corrosion potential [Degrigny 2003]. 
Modifications of the corrosion layers can therefore be monitored by examining Ecorr versus 
time plots.  Figure 2.4 illustrates four typical behaviours of metals immersed in a solution.  
Curve 1 shows the passivation of a bare metal.  Curve 2 represents the corrosion of a bare 
metal.  Curve 3 indicates the transformation of a superficial corrosion layer (3a) followed by a 
passivation step (3b) (eg. oxidised iron in basic solutions).  And curve 4 shows the 
transformation of a protective oxide layer (4a) followed by the corrosion of the underlying 
metal (4b) (eg. oxidised bronze Cu/Sn in NaNO3 solutions) [Degrigny 2003]. 
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Figure 2.4.  Monitoring of Ecorr versus time according to the nature of 
the metal surface (after [Degrigny 2003]). 
 
 
2.2. Other electrochemical techniques 
2.2.1. Chronoamperometry (CA) 
Chronoamperometry involves stepping the potential of the working electrode from an initial 
value where current flows are negligible, to a potential well beyond the reduction of a given 
compound, where it is held stable for a given period.  The resulting current-time dependence 
is monitored [Rieger 1987; Wang 1994].  The experiment is stopped when the current falls to 
zero, indicating the exhaustion of compounds to be reduced.  The electrical charge consumed 
during the reaction, estimated by integrating the area under the current-time curve, may be 
converted into a materials thickness using Faraday’s Law [Costa 2003], which states that: 
MFnQ ⋅⋅=  
where Q is the charge in coulomb resulting from the reaction of the species, n the number of 
electrons transferred per molecule; F the Faraday’s constant (= 96487 C/mol) and M the 
numbers of moles of corrosion product reacting. 
If uniform corrosion is assumed, the layer thickness of a certain corrosion product can be 
calculated by: 
AdFn
MWQthicknesslayer ⋅⋅⋅
⋅=  
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with MW the molecular weight of the corrosion product, d the density of the corrosion product 
and A the surface of metal which is covered with this corrosion product. 
Chronoamperometry can be used for several applications, such as for the determination of the 
diffusion coefficient of electroactive species or the surface area of the working electrode.  
Also in the study of mechanisms of electrode processes, chronoamperometry can be useful 
[Wang 1994].  In the conservation field, chronoamperometry is used to evaluate the amount 
of corrosion products on the surface of objects [Costa 2003]. 
In this work, chronoamperometry was used in the scope of the last application.  In chapter 5, 
electrolytic stabilization by applying a weak potential is investigated as an alternative for the 
chemical stabilization in a sodium sesquicarbonate solution, which is discussed in chapters 3 
and 4.  Chronoamperometry was used to evaluate the progress of the treatment. 
 
2.2.2. Linear sweep voltammetry (LSW) 
In potential sweep techniques, the potential is changed linearly with time and a current-
potential curve is produced.  The simplest of these techniques is linear sweep voltammetry 
(LSW), which involves sweeping the electrode potential between limits E1 and E2 at a known 
sweep rate, v, before halting the potential sweep (Figure 2.5). 
 
Figure 2.5.  Representation of the applied potential during a linear sweep 
experiment and the resulting current-potential plot. 
During this experiment, the cell current is recorded as a function of applied potential (it 
should be noted, however, that the potential axis is also a time axis).  Commonly there will be 
one or more peaks who’s origins can easily be understood.  Consider for example a potential 
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sweep towards negative potentials; when the reduction potential of species O is reached, the 
current rises sharply as O near or on the electrode surface is being reduced.  Afterwards, the 
current becomes diffusion controlled and begins to fall.  In this way an electrochemical 
spectrum indicating the potentials at which processes occur is rapidly obtained.  Furthermore, 
since the peak current is proportional to concentration, a linear potential sweep 
voltammogram can be used for analytical purposes [Rieger 1987; Pletcher et al. 2001]. 
Over the past couple of decades, potential sweep techniques have been applied to an 
increasing range of systems.  At the same time, the mathematical description of these 
techniques has been developed sufficiently to enable kinetic parameters to be determined for a 
wide variety of mechanisms.  It is, however, in the area of the preliminary mechanistic 
investigations that sweep techniques are probably most useful [Rieger 1987; Pletcher et al. 
2001].  In this work, cyclic voltammetry is used to determine the reduction potentials of the 
different corrosion products and to detect quantitative changes in the corrosion composition. 
 
 
2.3. Synchrotron radiation based techniques 
2.3.1. Synchrotron radiation (SR) 
The phenomenon of synchrotron radiation is a result of one of the basic properties of the 
universe: when a charged particle is accelerated, electromagnetic radiation is emitted.  
Synchrotron radiation (SR) is generated when a beam of electrons (or positrons), moving at 
relativistic velocity, is bent by a magnetic field.  A synchrotron storage ring consists of a near-
circular vacuum tube in which ‘bunches’ of high-energy electrons are stored as they circulate 
near the velocity of light under the control of synchronized electromagnetic fields.  To obtain 
synchrotron radiation, the electrons are guided through storage rings which consist of a 
number of straight sections in which the electrons do not experience any acceleration.  At the 
intersection of two sections, the electrons pass through a bending magnet which perturbs the 
electron path from a straight line into a circular arc by an inward centripetal force. As each 
‘bunch’ of charged particles is accelerated inwards, an instantaneous jet of ‘white’ X-rays is 
emitted along the forward tangent in the form of a fan emanating from each bending magnet 
(Figure 2.6). 
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Figure 2.6.  A much-simplified illustration of a storage ring.  The beam is maintained in its 
quasi-circular orbit by the bending magnets which are all sources of synchrotron radiation.  
The fan from just one is illustrated.  Specialist magnets such as wigglers and undulators, 
which are designed to enhance certain characteristics of the radiation, may also be 
included.  (from the Daresbury Laboratory web-page [http://detserv1.dl.ac.uk/herald/ 
xray_review_propertiesofsr.htm]). 
With first generation synchrotron rings, the SR was erratically produced on accelerators used 
for high-energy physics.  At these facilities, the electron bunches tend to be wide and laterally 
unstable.  Later on, second generation electron storage rings were designed for the production 
of SR.  The X-ray beam dimensions are greatly reduced, as a result of which a considerable 
improvement in radiation brilliance (intensity per unit source size and per unit solid angle) is 
obtained.  In third generation synchrotron sources even better brilliance is obtained by the use 
of ‘insertion devices’ (wigglers and undulators).  These are placed in the straight sections of 
the ring and they provide an increase of the brilliance of synchrotron sources (Figure 2.7).  
Wigglers produce a polychromatic spectrum similar to bending magnets, but more intense.  
Undulators generate spectral distributions with very sharp maxima at certain energies.  Within 
certain limits, the energy of the harmonics is tuneable.  Undulators are therefore excellent 
sources of (quasi) monochromatic radiation [Smith and Rivers 1995; Chung and Smith 2000]. 
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Synchrotron radiation has a high intensity over a broad and continuous energy range from 
infrared to hard X-rays (Figure 2.7), which makes it possible to produce monoenergetic beams 
over a wide range of energies.  Other important characteristics of synchrotron radiation are its 
pulsed time structure (due to the several bunches of electrons in the ring), its high degree of 
natural collimation, and its polarized character [Smith and Rivers 1995; Brown et al. 1988].  
 
Figure 2.7.  Typical SR-spectrum produced at X-ray tubes, bending 
magnets, wigglers and undulators (from the Spring-8 web-page 
[http://www.spring8.or.jp/e/general_info/overview/sr.html]). 
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2.3.2. X-ray diffraction (XRD) 
X-ray diffraction analysis (XRD) is a versatile non destructive technique that reveals detailed 
information about the chemical composition and crystallographic structure of natural and 
manufactured materials.  It is based on the irradiation of a sample with X-ray light and 
recording the reflected radiation. 
Every atom scatters an incident X-ray beam in all directions.  However, for atoms in a crystal, 
these scattered X-rays will interfere with each other.  This process leads to the enhancement 
of the intensity of the scattered radiation in certain directions due to constructive interference 
controlled by the periodicity and symmetry of the crystals, and destructive interference in all 
other directions [Chung and Smith 2000].  The position of the peak is controlled by the Bragg 
equation: 
2 sind nθ λ⋅ ⋅ = ⋅  
where n is the order of a reflection, λ the wavelength, d the distance between parallel lattice 
planes and θ the so-called Braggs angle between the incident beam and a lattice plane. 
When the path length in the crystal ( 2 sind θ⋅ ⋅ ) is a multiple of the wavelength, constructive 
interference occurs and diffraction is obtained [Ladd and Palmer 1985].  The diffracted 
intensities are determined by the type and arrangement of atoms within the crystal lattice.  
Atoms with more electrons scatter more strongly.  No two substances, therefore, have 
absolutely identical diffraction patterns when one considers both the direction and intensity of 
all diffracted beams.  The diffraction pattern is thus a fingerprint of a crystalline compound.  
For the identification of a crystalline compound, the combination of the peak positions and 
the intensity can be calculated or compared with reference diffraction patterns [Chung and 
Smith 2000]. 
Several experimental set-ups are in use for recording X-ray diffraction patterns.  Single 
crystal methods are primarily directed towards determining the crystal periodicity and 
symmetry of the crystals and solving the arrangement of atoms in the material [Chung and 
Smith 2000].  The most commonly applied method in X-ray crystallography for the 
identification of crystallic compounds in samples, on the other hand, is the Debye-Scherrer or 
powder method.  More than 50 000 sets of powder diffraction patterns are archived in the 
Powder Diffraction File (PDF) of the Joint Committee of Powder Diffraction Standards 
(JCPDS) [Chung and Smith 2000].  Since the corrosion compounds present on bronze objects 
are of crystalline nature, this set makes it possible to identify crystalline species using powder 
XRD [De Ryck 2003]. 
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The main disadvantage of powder diffraction is that data collection can be quite time-
consuming: each data set easily requires several hours.  It is mainly for this reason that XRD 
analysis is usually applied only to a limited set of samples [Broekmans et al. 2004]. 
However, the data collection time can be reduced by orders of magnitude, using synchrotron 
X-rays and a fast area detector [Broekmans et al. 2004].  An additional advantage of 
synchrotron radiation X-ray diffraction (SR-XRD) is that small quantities can be analysed.  
By using synchrotron radiation, a narrow monochromatic X-ray beam can be obtained which 
makes it possible to spatially analyse separate corrosion layers directly on the sample [De 
Ryck et al. 2003; Dooryhée et al. 2004].  Furthermore, the higher intensity beams also allows 
experiments where rapid time resolution is indispensable [Chung and Smith 2000]. 
In this work, XRD is used to analyse the molecular composition of the corrosion layers 
before, during and after the immersion in a sesquicarbonate solution.  Synchrotron radiation is 
used for two reasons.  In first instance the fast XRD detection allowed us to measure a large 
set of samples.  In a second stage, specific samples were selected to perform time resolution 
experiments in which XRD spectra were recorded during 1 to 10 seconds, and this each 5 to 
10 minutes.  This would not have been possible on standard X-ray tube instruments. 
 
2.3.3. X-ray absorption spectroscopy (XAS) 
By means of X-ray absorption spectroscopy (XAS) it is possible to obtain information on the 
chemical state of specific constituents of a material.  XAS is based on the modification of the 
X-ray absorption probability of atoms at energies near and above the core-level binding 
energies of that atom.  The basic experiment is rather simple: a thin homogeneous sample of 
the investigated material is prepared, and a monochromatic X-ray beam is directed at the 
sample.  The intensities of the incident and the transmitted X-ray beam are then recorded in 
the stepwise progression of the incident photon energy.  By reflecting the X-rays from a 
surface at grazing incidence and detecting the resultant X-ray fluorescence, a more surface 
sensitive signal can be obtained [Heald 1988; Oyanagi 1996; Janssens 2004]. 
The photon energy of the X-rays is gradually increased such that it traverses one of the 
absorption edges of the elements contained within the sample.  Below the absorption edge, the 
photons cannot excite the electrons of the relevant atomic level and thus absorption is low.  
However, when the photon energy is just sufficient to excite the electrons, then a large 
increase in absorption occurs, known as the absorption edge.  The resulting photoelectrons 
have a low kinetic energy and can be backscattered by the atoms surrounding the emitting 
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atom (Figure 2.8).  The probability of backscattering is dependent on the energy of the 
photoelectrons.  The backscattering of the photoelectron affects whether the X-ray photon is 
absorbed in the first place.  Hence, the probability of X-ray absorption will depend on the 
photon energy (as the photoelectron energy will depend on the photon energy).  The net result 
is a series of oscillations on the high photon energy side of the absorption edge, called the X-
ray absorption fine structure (XAFS).  These oscillations can be used to determine the atomic 
number, distance and coordination number of the atoms surrounding the element whose 
absorption edge is being examined.  In this way, XAS provides a way to determine the 
chemical state and local atomic structure of a selected atomic species [Gurman 1990; Oyanagi 
1996; Janssens 2004]. 
 
Figure 2.8.  Schematics of the XAS process illustrating the origin of XAFS oscillations 
due to the interference of outgoing and backscattered photoelectron wave.
Like mentioned before, there are two main methods for recording XAS spectra: 
1. Absorption XAS.  The most straightforward mode of operation is to directly record the 
intensity of a monochromatic beam before and after a (homogeneous) sample as a function of 
energy (E) by means of two ionization chambers (IONI 1 and IONI 2 in Figure 2.9) and 
calculate the mass absorption coefficient (µ(E)) versus E curve: 
0
( )ln ( )
( )
I E E d
I E
µ ρ= − ⋅ ⋅  
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where the sample areal density ρd is a scaling factor that usually is normalized out.  XAS data 
with sufficiently signal-to-noise ratio can be obtained when (a) the absorption in the sample is 
not too large so that I(E) and I0(E) do not differ too much and (b) the concentration of the 
absorbing element is high enough (>0.1 % w/w) so that a significant difference between I(E) 
and I0(E) can be recorded. 
 
Figure 2.9.  Schematics of XAS facility (after[Janssens 2004]). 
2. Fluorescence XAS.  When the sample under investigation is so strongly absorbing or so 
thick that the transmitted intensity is no longer measurable or when XAS data from a 
minor/trace constituent are to be recorded, instead of directly measuring the absorption, one of 
the signals produced as a result of photoelectric absorption can be recorded as a function of 
the primary energy.  By means of a energy-dispersive detector, positioned at 90° to the 
primary beam (Figure 2.9), the fluorescence intensity profile Ifl(E) versus E can be recorded.  
When the absorbing element is not too strongly concentrated (<0.1 – 0.5 %), the normalized 
intensity Ifl(E)/I0(E) is proportional to µ(E) (provided that appropriate dead-time corrections, 
etc. are taken into account). 
XAS generally requires a synchrotron X-ray source for several important reasons: (1) A high 
X-ray flux is required in an XAS experiment in order to obtain high signal-to-noise data in a 
reasonable time frame (of the order of 30-40 minutes per spectrum).  This requirement is 
particularly critical if the element of interest is at low concentration in a sample.  (2) A broad 
spectral range at uniformly high flux is required because a typical X-ray absorption spectrum 
covers about 1000 eV.  Tuneable monochromators with appropriate d-spacings can be used to 
scan through a broad range of energy; thus one can choose the most appropriate energy range 
for an experiment.  (3) High stability in flux, energy, and beam position is required in an XAS 
experiment and can be achieved with a synchrotron X-ray source such as a storage ring 
[Heald 1988b; Oyanagi 1996; Janssens 2004]. 
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Synchrotron-based XAS can be used for studying the local environments of atoms and ions in 
a variety of materials ranging from crystalline solids, glasses [Crozier et al. 1988; Gurman 
1990], and high-temperature liquids [Crozier et al. 1988; Oyanagi 1996] to biological systems 
[Cramer 1988; Garner 1990; Oyanagi 1996].  The main advantages of XAS are its element 
specificity and the fact that it can be used with practically any atom in any state of 
organization (solid, liquid, or gas) [Prins and Koningsberger 1988; Janssens 2004]. 
In this work we intended to use XAS measurements in order to have a second independent 
means of surface characterization, which is sensitive to the presence and evolution of 
amorphous surface compounds.  Preliminary experiments, however, indicated that the XAS 
data are influenced by the electrolyte, which would give a unique opportunity to record ions 
or microparticles in solution at the same time as process related changes in surface structure. 
 
 
2.4. Scanning electron microscopy with energy dispersive 
X-ray detection (SEM-EDX) 
In the sense of straightforward imaging, the electron microscope allows a sample to be 
examined at far higher magnification and lateral resolution than is possible with light 
microscopy.  A further, important advantage is a very large depth of field and the possibility 
of simultaneous imaging and localized chemical analysis.  In brief, electrons are ejected from 
an electron source and accelerated and focused into a small probe that is scanned over the 
surface of a sample (Figure 2.10).  As the electron beam is rastered sequentially over the 
sample surface, the signal of each point (often called pixel) are recorded and stored 
individually.  The magnification of the image is determined by the ratio of the size of the 
displayed image to the scanned area.  The resolution is determined ultimately by the probe 
diameter, but more typically, by the size of the interaction volume [Blake 1990; Adriaens and 
Dowsett 2004]. 
The power and versability of electron microscopy derives from the variety of ways in which 
the primary electron beam interacts with the sample.  As the primary electrons enter the 
sample bulk, they undergo elastic and inelastic collisions with atoms of the sample.  The 
results of these interactions can be used for surface analyses in a number of ways [Blake 
1990].  However, one important effect of the interaction is that the achievable resolution is 
dependent on the emitted species examined, and is usually worse than the probe diameter.  
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This is because most of the incident electrons scatter strongly and repeatedly, loosing their 
energy in a tear-drop shaped volume, typically 1 µm across [Adriaens and Dowsett 2004]. 
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Figure 2.10.  Schematic representation of a SEM-EDX 
instrument [Adriaens and Dowsett 2004]. 
The most common signal used for creating images in the SEM is the secondary electron (SE) 
signal, made up of low energy electrons ejected from the sample surface by the interaction of 
the primary beam.  Because the intensity of the SE signal is primarily a function of sample 
surface morphology, SE images appear to be similar to a macroscopic surface seen with the 
naked eye [Blake 1990]. 
Primary electrons can also be backscattered.  This produces images with a high degree of 
atomic number (Z) contrast, which arises because the backscattering coefficient rises 
monotonically with atomic number of the scattering atoms [Blake 1990; Adriaens and 
Dowsett 2004]. 
Inelastic scattering is responsible for most of the imaging and analytical modes used in SEM.  
There are two types of inelastic (i.e. energy absorbing) interactions that have the capacity to 
generate X-ray photons.  ‘Continuum’ or ‘bremsstrahlung’ X-rays are produced when primary 
beam electrons are decelerated by the coulombic field of sample atoms.  These X-rays are not 
directly useful for elemental analysis since there is a continuous distribution of X-ray energy, 
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irrespective of sample composition.  A second way in which primary beam electrons can lose 
energy in the sample is through the ionization of an inner shell electron of a sample atom.  
The resulting inner shell vacancy is filled when an outer shell electron drops into the vacancy.  
This electron transition between shells of different energies can result in either the ejection of 
an Auger electron or the production of an X-ray photon of a characteristic energy.  X-rays 
produced in this fashion are called ‘characteristic’ X-rays because their energies are 
characteristic of a particular electron transition in a particular element.  X-ray photons can be 
detected and measured according to their energies and assigned to particular elements.  The 
types and amounts of sample atoms can be determined either using standard materials or by 
using theoretically derived K factors and applying matrix corrections [Blake 1990; Adriaens 
and Dowsett 2004]. 
In a last chapter of this work, electrolytic stabilization by applying a weak potential is 
investigated as an alternative for the chemical stabilization.  SEM-EDX is used here to 
investigate the effect of this treatment on the corrosion layers.  Therefore SE images and EDX 
analyses were recorded before and after the treatment.  The SE images gave information on 
the surface morphology of the sample and the thickness of the corrosion layer.  EDX analyses 
were used to obtain elemental information on the corrosion layers. 
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 Chapter 3 
 
Ecorr measurements of copper and 
copper-based alloys 
 
In this work we wanted to investigate whether or not corrosion potential measurements can be 
used as an early warning system to monitor the behaviour of copper-based artefacts during 
their stabilization treatments.  Therefore, in this study copper and two copper-based alloys, 
namely copper-tin and copper-tin-lead, were artificially corroded with the most common 
corrosion products observed on copper-based artefacts.  The prepared samples were immersed 
in a 1 wt % sodium sesquicarbonate solution, while corrosion potential measurements were 
performed.  For historical artefacts an immersion period of a few weeks is in use for a first 
soaking, afterwards the solution is refreshed.  The total treatment may take months up to years 
to finish [[Plenderleith 1956; Organ 1977; North 1987; Hamilton 1998].  Test experiments 
performed on the artificially corroded samples indicated however that the samples needed less 
time than real objects to stabilize.  This is probably a result of the absence of thick corrosion 
layers that could obstruct the passage of ions and solutions.  Therefore treatment periods of 14 
days were used in this work.  Before and after the treatment, these samples were characterised 
using OM, SR-XRD and voltammetry in order to evaluate potential changes in the surface 
appearance and the qualitative and the quantitative surface composition. 
First, the sample preparation and the instrumentation used in the scope of this chapter is 
discussed (subsection 3.1), which is followed by the verification of the obtained compounds 
(subsection 3.2).  The behaviour of the copper (subsection 3.3), the copper-tin alloy 
(subsection 3.4) and the copper-tin-lead alloy (subsection 3.5) immersed in sodium 
sesquicarbonate is described separately, which is followed by a comparison (subsection 3.6). 
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3.1. Instrumentation 
3.1.1. Electrochemical cell 
The electrochemical cell used for this chapter is based on the standard three electrode system 
(working electrode – reference electrode – counter electrode) [Rieger 1987 and Scholz 2002].  
A schematic of the cell is presented in Figure 3.1.  The conical cell itself is made of Teflon® 
and has a maximum content of 150 mL.  The cell is closed with a lid which includes holes for 
the working electrode, the reference and the counter electrode. 
reference electrode
counter electrode
working electrode
Teflon® cel
electrolyte
50 mm  
Figure 3.1 Schematic of the standard electrochemical cell. 
 
3.1.1.1. Reference electrode 
The main requirement of the reference electrode is that it has a stable potential which does not 
vary during the experiment.  A mercury-mercurous sulphate reference electrode (MSE) was 
used for all experiments performed in the scope of this chapter.  The reference electrode 
consists of a single drop of mercury covered with a paste of mercury and mercury(I)sulphate.  
The paste is in contact with a saturated potassium sulphate solution.  The half cell may be 
represented by Hg/Hg2SO4/K2SO4(sat).  The electrode net reaction is: 
−− +⇔+ eSOHgSOHg 22 42240  
The electrode potential of this electrode is 655.3 mV with respect to the standard hydrogen 
electrode at a temperature of 20°C [Scholz 2002].  The Hg/HgSO4/K2SO4(sat) reference 
electrodes were purchased from Radiometer Analytical (France). 
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3.1.1.2. Counter electrode 
The purpose of the counter electrode is to supply the current required by the working 
electrode.  Therefore, the counter electrode must be an electric conductor that closes the 
electric circuit.  The electrode process at the counter electrode can be the decomposition of 
solvent or the oxidation or reduction of a component in the electrolyte.  However, these 
reaction products must not interfere with the reaction being studied.  This requires the choice 
of clean counter electrode chemistry.  Counter electrodes made from graphite and platinum 
are used in this work. 
 
3.1.1.3. Working electrode 
Because of the uniqueness and the heterogeneity of the artefacts dealt with by conservators, it 
is not advisable to use authentic artefacts for this evaluation study.  Instead copper and copper 
alloys which are commercially available were used and artificially corroded. 
 
3.1.1.3.1. Materials 
Copper plates of 2.0 mm thick (99.9% pure) were obtained from Advent (UK).  The copper-
tin and copper-tin-lead alloy used in this study were available from a previously performed 
RTD European project within FP5, which had the goal to produce and certify a set of copper 
alloys having a composition representative for typical archaeological copper alloys in Western 
Europe, covering three periods: the Bronze age, the Iron age and the Roman times 
[Ingelbrecht et al. 2001].  The main composition of the alloys used in this study, is given in 
Table 3.1. 
Table 3.1. Composition of the copper-based alloys (g/kg) (certified for 
the alloying elements) [Ingelbrecht et al. 2001]. 
element tin bronze (Cu-Sn) lead bronze (Cu-Sn-Pb) 
Sn 70 ± 6 101 ± 8 
Pb 2.04 ± 0.18 92 ± 17 
As 1.94 ± 0.20 2.85 ± 0.22 
Zn 1.57 ± 0.25 1.48 ± 0.24 
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A microstructural characterisation of these alloys has previously been performed by 
Constandinides et al. [2001] and has shown that both alloys are comprised of two main 
phases: a metallic and a non-metallic phase, the latter being a conglomerate of several types 
of inclusions (Table 3.2, Figure 3.2).  The major components in the metallic phase are Cu and 
Sn for the two alloys.  Pb is found as PbO in separate inclusions because of its inherent 
characteristic of immiscibility in Cu matrices.  Elements, such as Mn, Ni, Fe and Sb are found 
either in small spots or in conglomerates together with the main components.  Inclusions of 
metal oxides are present due to the hot isostatic pressing technique used for producing the 
alloys.  Furthermore, in the copper-tin alloy, combinations of S with the major and minor 
elements can be determined [Constandinides et al. 2001]. 
Table 3.2. Overview of the two main phases in the different copper alloys [Constandinides et 
al. 2001]. 
Metallic phase  Non-metallic phase 
alloy 
alfa-phase Bright inclusion  
Dark-grey 
inclusion 
other inclusion 
(ablack or blight grey) 
Cu-Sn alloya
Cu/Sn 
Sb (<1%) 
Sn-rich (55%); Cu 
(40%); Pb (>3%) 
 
Sn/Mn (>30%) 
FeS, ZnS 
CuS, MnS, FeS, NiS, 
ZnS; SbS 
Cu-Sn-Pb 
alloyb
CuSn Pb (>30%)  
Cu, Sn; Mn, Fe, 
Ni, Sb and Zn 
Sn-rich > 70%; Cu, Pb 
and Sb 
 
Figure 3.2.  (a) Copper-tin alloy under plane-polarized light (magnification x 400).  (b) 
Backscattered electron image of the copper-tin-lead alloy (magnification x 800) 
[Constandinides et al. 2001]. 
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Disc electrodes were produced using the above-mentioned materials by embedding the pieces 
of metal in an epoxy resin and ensuring an electrical connection by means of a messing rod.  
Figure 3.3 shows a schematic representation of the electrode.  The messing rod has a thread 
within which enables the electrode to be turned on a holder to attach the electrode in an 
electrochemical cell and to make an electrical contact. The electrode and the brass rod are 
protected by a resin to ensure only one surface of the disk is in contact with the 
electrochemical solutions.  The diameter of the disc electrode is 6 mm. 
su rface ex posed to t he solution
(6 m m diam eter)
copper disk
messing rod ( with thread)
epoxy resin
surface exposed to he solution
(6 mm diameter)
poxy resin
essing rod (with thread)
copper disk
 
Figure 3.3.  Disc electrode for electrochemical measurements. 
Prior to a corrosion simulation, the electrodes were prepared according to standard 
metallurgical procedures [Bjerregaard et al. 2000], which includes sandpapering the sample 
using 1200 grit SiC paper and further polishing the surface using a polishing cloth covered 
with alumina powder of 1 micrometer particle size.  To remove any adherent Al2O3 particles, 
the surfaces were rinsed thoroughly with deionised water and cleaned in ethanol in an 
ultrasonic bath.  Afterwards several corrosion protocols, obtained from the literature, were 
applied to obtain different corrosion products. 
 
3.1.1.3.2. Corrosion protocols 
Cuprite (Cu2O) is commonly found on copper artefacts and is a stable corrosion product.  To 
obtain a cuprite layer, the copper-based samples were polarized anodically at -360 mV (vs 
MSE) for 16 hours in a 0.1 M Na2SO4 solution (Fluka, Germany) [Lamy 1997]. 
Amongst the copper chlorides, nantokite (CuCl), atacamite (Cu2(OH)3Cl) and a mixture of 
atacamite and paratacamite (both isomers of Cu2(OH)3Cl) were selected.  Nantokite is 
considered as the main catalytic agent for active corrosion.  The presence of this cuprous 
chloride as a corrosion product adjacent to the metallic surface can create long-term problems 
with regard to the stability of an object.  In fact, bronze disease or pitting corrosion is usually 
attributed to this substance.  Samples covered with nantokite were obtained by immersing the 
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samples for one hour in a saturated CuCl2.2H2O solution (VWR International, USA).  After 
rinsing with deionised water they were exposed to the atmosphere overnight [Lamy 1997]. 
Besides nantokite, atacamite and paratacamite are two other important chlorides in bronze 
corrosion.  They are often considered as end products and are formed on top of the active 
corrosion areas.  Atacamite is the most common of the Cu2(OH)3Cl isomers, but often alters 
into paratacamite.  For the atacamite corrosion a solution of 15.07 g (NH4)2CO3.NH3 (Fluka, 
Germany) and 10.02 g NH4Cl (Aldrich, Germany) in 100 mL deionised water was prepared.  
The copper-based alloys were wetted twice a day with this solution.  This procedure was 
repeated over five days.  Between each application, the samples were left to dry to the air.  
After the period of five days, the samples were left in the air for another five days without any 
treatment [Lamy 1997]. 
The protocol used to obtain a mixture of atacamite and paratacamite differed only from the 
protocol used to obtain atacamite in the type of solution used: a solution of 10.02 g 
Cu(NO3)2.3H2O (VWR International, USA) and 10.01 g NaCl (Fluka, Germany) in 100 mL 
deionized water was used [Lamy 1997]. 
Chalcocite (Cu2S) is typical for artefacts found in anaerobic environments.  The protocol to 
form chalcocite included placing the samples in a closed box for 30 minutes together with a 
mixture of 4 ml 20 % NH4S (VWR International, USA) and 20 mL deionized water [Lamy 
1997]. 
The copper sulphates are important primarily as corrosion products of copper alloys exposed 
to polluted atmospheres in urban environments.  This corrosion product was added to check 
the effect when by accident an air corroded object would be treated in sodium sesquicarbonate 
and secondly to test an extra corrosion product which does not contain chloride.  To obtain 
copper-based alloys covered with brochantite, the samples are immersed three weeks in a 
solution of 6 g KClO3 (Aldrich, Germany), 3 g CuSO4.5H2O (VWR International, USA) and 
4 g Na2SO4.10H2O (Fluka, Germany) in 1 L deionised water adjusted to pH 3 with H2SO4 
[Hayez 2005]. 
 
3.1.1.4. Electrolyte solution 
The electrolyte is the medium between the electrodes in the cell.  In this work, the 
experiments are carried out in a 1 wt% sodium sesquicarbonate solution prepared by 
dissolving 11.89 g/L of Na2CO3.NaHCO3.2H2O (Sigma, USA) in deionised water (pH = 10). 
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3.1.1.5. Instrumentation 
All the electrochemical measurements performed in the scope of this chapter, were performed 
using a PC-controlled potentiostat and software package type GPES4.9 (Autolab PGSTAT10, 
ECO Chemie, The Netherlands). 
 
3.1.2. SR-XRD 
SR-XRD measurements were performed at station 9.6 of the Synchrotron Radiation Source at 
Daresbury Laboratory (UK) to analyse the surface composition of the electrodes before and 
after immersion experiments.  Powder samples were prepared by scraping the corrosion 
products off the sample surface.  The powder samples were deposited on tape stretched over 
thin metal sample holders which were then mounted on the goniometer.  Exposure times of 
30 s were used in multibunch (250 mA) mode (λ=0.87 Å).  2D diffraction patterns were 
acquired using a CCD detector.  The data were polar transformed and azimuth integrated 
using the ESRF program FIT2D [Hammersley et al. 1996].  Reference data from the JCPDS 
PDF cards were used to identify the corrosion products. 
 
3.1.3. Light microscopy 
Light microscopy and photography was used in this work in order to follow the visible 
changes of the sample surface during the treatments.  A Nikon SMZ 800 microscope with a P-
IBSS Single Port Beamsplitter was used, with a Canon Powershot A75 (Canon, Japan) digital 
camera mounted on top.  In this way, the corrosion layers could be analyzed with 
magnifications from 8 to 80 times. 
 
 
3.2. Artificially corroded samples 
A set of artificially corroded copper-tin and copper-tin-lead samples was prepared according 
to the previously mentioned corrosion protocols.  In what follows the outcome of each of the 
corrosion protocols will be discussed briefly on the basis of light microscopy images and SR-
XRD results.  Full SR-XRD spectra are available in Appendix 1. 
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3.2.1. Cuprite 
Light microscopic images of the patinas obtained on the samples corroded according to the 
cuprite protocol are given in Figure 3.4.  On the pure copper a red-brown layer is generated 
with small crystals.  The patina on the copper-tin alloy varies more to beige-brown.  The 
colour of the patina on the copper-tin-lead alloy is more gold-grey.  At first sight it gives the 
impression that no cuprite has been formed. 
0.1 mm
(a) (b) (c)
 
Figure 3.4.  Light microscopy images of cuprite patinas on (a) pure copper, (b) copper-tin 
and (c) copper-tin-lead. 
The SR-XRD data confirm the presence of cuprite for all samples with principal peaks (Table 
3.3, full spectra in Appendix 1).  Also pure copper peaks can be seen, which are most 
probably due to the sample preparation, as in some cases pure copper was scratched off as 
well.  There are no detectible side products on the unalloyed copper. 
Table 3.3.  Results of the SR-XRD measurements on the samples artificially corroded to 
form cuprite (xx major product; x minor product) . 
 
cuprite 
(Cu2O) 
copper 
cassiterite 
(Sn2O) 
plattnerite 
(PbO2) 
scrutinyte 
(PbO2) 
copper xx x    
copper-tin xx x x   
copper-tin-lead xx x x x x 
 
On the copper-tin alloy traces of cassiterite (SnO2) can be seen.  The diffractogram of the 
copper-tin-lead shows cuprite, tin dioxide, the lead dioxide plattnerite (PbO2), and also 
scrutinyte (PbO2). 
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3.2.2. Nantokite 
When applying the nantokite protocol on copper and the two copper alloys, the surfaces are 
observed to be very heterogeneous in appearance.  The samples mostly have a dull red-brown 
appearance with locally light green and green products on top. 
1 mm
(a) (b) (c)
 
Figure 3.6.  Light microscopy images of nantokite patinas on (a) pure copper, (b) 
copper-tin (top: green zones; bottom: red zone) and (c) copper-tin-lead (right). 
According to the SR-XRD data, nantokite is always present (Table 3.4, full spectra in 
Appendix 1).  In addition, atacamite, paratacamite and small amounts of cassiterite seem to be 
present on the alloys. 
Table 3.4.  Compilation of the SR-XRD measurements on the samples artificially 
corroded to form nantokite (xx major product; x minor product). 
 nantokite 
(CuCl) 
atacamite 
(Cu2Cl(OH)3) 
paratacamite 
(Cu2Cl(OH)3) 
cassiterite 
(Sn2O) 
copper xx    
copper-tin xx x x x 
copper-tin-lead xx x x x 
 
 
 
3.2.3. Atacamite 
The protocol of atacamite generates a blue-green colour on the pure copper as well as on the 
two alloys (Figure 3.7).  On pure copper, big green crystals are formed which comprise the 
65 
CHAPTER 3 
main part of the corrosion layer.  In addition long needle shaped blue crystals have formed on 
top of the green crystals.  On the copper-based alloys the green crystals seem to form the main 
part of the corrosion layer.  The SR-XRD measurements show that atacamite is the principal 
corrosion product on pure copper and on each of the alloys (Table 3.5).  However, on the 
copper-tin alloy, cassiterite is also observed. 
(a) (b) (c)
0.1 mm
 
Figure 3.7.  Light microscopy images of the atacamite protocol applied on (a) pure copper, 
(b) copper-tin and (c) copper-tin-lead. 
Table 3.5.  Results of the SR-XRD measurements on the samples artificially 
corroded to form atacamite (xx major product; x minor product). 
 atacamite 
(Cu2Cl(OH)3) 
cassiterite 
(Sn2O) 
copper xx  
copper-tin xx x 
copper-tin-lead xx  
 
 
3.2.4. Mixture of atacamite and paratacamite 
In general the mixture of atacamite and parataca-mite has a green colour with relatively large 
crystals.  On the copper-tin alloy these green crystals can be seen with a white powder on top 
of it (Figure 3.8).  There is no white layer on the copper-tin-lead alloy and the crystals are 
darker than on the two other substrates. The SR-XRD analyses show that atacamite and 
paratacamite are present on each of the samples (Table 3.6).  
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(a) (b) (c)
0.1 mm
  
Figure 3.8.  Light microscopy images of the protocol to obtain a mixture of atacamite and 
paratacamite, applied on (a) pure copper, (b) a copper-tin and (c) a copper-tin-lead alloy. 
 
Table 3.6.  Results of the SR-XRD measurements on the samples artificially corroded 
to form a mixture of atacamite and paratacamite (xx major product; x minor product). 
 atacamite (Cu2Cl(OH)3) paratacamite (Cu2Cl(OH)3) 
copper xx xx 
copper-tin xx xx 
copper-tin-lead xx xx 
 
 
3.2.5. Chalcocite 
Chalcocite is formed as a grey thin patina on the sample, which looks very homogeneous on 
the pure copper, while optical images of the alloys show different coloured spots on the 
surface (Figure 3.9).  The diffractograms obtained show chalcocite on each of the samples 
(Table 3.7).  Since chalcocite gives a lot of Bragg reflections, it is difficult to address whether 
side products are present.  Only the presence of tin dioxide on the copper-tin-lead alloy can be 
confirmed. 
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(a) (b) (c)
0.1 mm
 
Figure 3.9.  Light microscopy images of the chalcocite protocol applied on (a) pure copper, 
(b) copper-tin and (c) copper-tin-lead. 
 
Table 3.7.  Results of the SR-XRD measurements on the samples artificially 
corroded to form chalcocite (xx major product; x minor product). 
 chalcocite (Cu2S) cassiterite (SnO2) 
copper xx  
copper-tin xx  
copper-tin-lead xx x  
 
3.2.6. Brochantite 
The brochantite protocol gives a dark green patina on pure copper.  Sometimes red-brown 
areas can be seen as well (Figure 3.10).  In general, the patina on the copper-tin alloy is darker 
than the patina on pure copper, although light coloured areas are also present.  The copper-tin-
lead alloy shows the most varied patina.  The green colour is the main colour; however, also 
red-brown, light blue and white spots can be seen.  The SR-XRD results mainly show 
brochantite and cuprite on each of the samples (Table 3.8).  Only on the copper-tin-lead alloy 
anglesite (Pb2SO4) can be observed in addition. 
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(a) (b) (c)
0.1 mm
 
Figure 3.10.  Light microscopy images of the brochantite protocol applied on (a) pure 
copper, (b) copper-tin and (c) copper-tin-lead. 
 
Table 3.8.  Results of the SR-XRD measurements on the samples artificially corroded 
to form brochantite (xx major product; x minor product). 
 
brochantite 
(Cu4(SO4)(OH)6) 
cuprite (Cu2O) 
anglesite 
(Pb2SO4) 
copper xx x  
copper-tin xx x  
copper-tin-lead xx x x 
 
 
3.2.7. Conclusions 
The main product present on the various metal substrates is always the intended product.  
Moreover, on the pure copper no, or almost no side products are detected, except for cuprite 
in the brochantite protocol.  On the alloys, on the other hand, more side products have formed.  
In most of the cases, these are oxides of tin and lead.  However, on the copper-tin-lead 
samples corroded according to the brochantite protocol, lead sulphate is also found. 
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3.3. Behaviour of corroded copper samples in sodium 
sesquicarbonate 
The corroded copper samples were immersed in a 1 wt% sodium sesquicarbonate solution 
while corrosion potential measurements were performed.  All experiments were performed at 
least three times and showed for a particular corrosion product slight differences in time scale, 
which is most likely due to a variation in the thickness of the corrosion layer.  The general 
behaviours, however, resembled each other well.  In Figure 3.11, a set of representative Ecorr 
measurements for the various corrosion products is shown for an immersion period of 12 
days.  In what follows, the Ecorr data for each corrosion protocol will be discussed in more 
detail and will be related to the obtained SR-XRD and voltammetric results.  The SR-XRD 
spectra are available in Appendix 2. 
 
Figure 3.11.  Corrosion potential versus time measurements for copper and copper covered 
with different corrosion products immersed in 1 wt% sodium sesquicarbonate. 
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3.3.1. Uncorroded copper 
First the behaviour in time of uncorroded copper was investigated to differentiate the effect of 
the different corrosion products from the reactions of the pure copper substrate.  The 
corrosion potential of pure copper reaches a relatively good equilibrium after 1 day.  There 
are still small fluctuations, but there is no overall increase or decrease of the corrosion 
potential with time, which indicates a stable surface composition. 
The voltammograms measured on uncorroded copper immediately after immersion and after 3 
days of immersion in the 1 wt% sodium sesquicarbonate are given in Figure 3.12. 
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Figure 3.12.  Voltammogram of pure copper measured immediately after immersion and after 3 
days immersion in 1 wt% sodium sesquicarbonate. 
The curve immediately after immersion (full line) shows a low peak starting at -0.675 V/MSE 
and a second one starting at -0.85 V.  The second peak can be caused by the reduction of 
carbonate species present in the electrolyte [Osetrova et al. 1998].  After 3 days of immersion 
in the 1 wt% sodium sesquicarbonate solution, the peak at -0.7 V disappears.  The peak at -
0.85 V is still present though.  A new peak starts around -1.2 V.  This last peak could indicate 
the formation of cuprite.  The peak heights are very small compared to the values measured in 
presence of corrosion products, indicating that only small amounts of these products are 
present.  The corrosion layer was too thin to be removed.  Even by measuring directly on the 
sample (cfr. Chapter 4) it would remain difficult to confirm the presence of a corrosion layer 
that thin.  For this reason no SR-XRD spectra were recorded on the copper samples. 
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3.3.2. Copper covered with cuprite 
The corrosion potential of cuprite shows a quick increase in the first few hours, after which it 
seems to reach a sort of equilibrium.  The potentials are quite stable and lay around the same 
value as the potentials of pure copper immersed in sodium sesquicarbonate. 
The SR-XRD measurements indicate that cuprite does not undergo chemical transformation in 
the sodium sesquicarbonate solution (Table 3.9).  The SR-XRD spectra before immersion, 
after 1 day immersion and after 14 days immersion in the sodium sesquicarbonate solution all 
show the presence of cuprite and copper. 
Table 3.9.  SR-XRD results of copper samples covered with cuprite 
after different immersion times in a sodium sesquicarbonate solution 
(xx major product; x minor product). 
 copper cuprite (Cu2O) 
before x xx 
after 1 day x xx 
after 14 days x xx 
 
Voltammetric experiments made on copper samples covered with cuprite after 1 day and after 
7 days immersion in the sodium sesquicarbonate solution (Figure 3.13) show only the 
presence of cuprite.  The areas under the peaks give information on the thickness of the 
cuprite layer present on the surface.  As indicated in Figure 3.13, the measurement made after 
1 day is quite similar to the one measured immediately after immersion in the solution, but 
after longer immersion times (3 days) the reduction peak of cuprite tends to decrease to 
remain then more or less stable.  The thickness of the cuprite layer clearly varies as a function 
of immersion time. 
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Figure 3.13.  Voltammogram of copper covered with cuprite, measured before immersion, after 1 
day, 3 days and 7 days of immersion in 1 wt% sodium sesquicarbonate. 
 
3.3.3. Copper covered with nantokite 
The pattern of nantokite shows a fast decrease of Ecorr with time.  This trend indicates a 
transformation of corrosion products.  The duration varies from one to two hours to almost a 
day depending on the amount of corrosion product present by the start of the experiment.  
Then Ecorr shows an increase.  The slope is at first rather steep (20 to 50 mV in 2 to 5 hours 
time), but decreases later and becomes stable after 2 to 4 days, indicating a passivation 
behaviour.  Most of the time, this sort of behaviour indicates the formation of a more 
protective film [Shreir 1976; El-Mahdy 2000; Degrigny 2003].  The subsequent slow increase 
reinforces this hypothesis. 
The SR-XRD results indeed show that nantokite reacts relatively fast (Table 3.10) in the 
sodium sesquicarbonate solution.  After only 1 day of immersion, the presence of nantokite is 
less pronounced and is even missing on most of the samples.  Cuprite and paratacamite have 
obviously been formed on the samples.  After 14 days in the sodium sesquicarbonate solution 
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nantokite is no longer observed.  Cuprite and paratacamite are still present, but also malachite 
(CuCO3.Cu(OH)2) has shown up. 
Table 3.10.  SR-XRD results of copper samples covered with nantokite after different 
immersion times in a sodium sesquicarbonate solution (xx major product; x minor product). 
 nantokite 
(CuCl) 
cuprite 
(Cu2O) 
paratacamite 
(Cu2Cl(OH)3) 
malachite 
(CuCO3.Cu(OH)2)
before xx    
after 1 day  xx x  
after 14 days  xx x x 
 
 
On copper samples covered with nantokite, voltammograms have been recorded at several 
stages of the corrosion potential versus time plot.  The voltammograms measured 
immediately after immersion in 1 wt% sodium sesquicarbonate (Figure 3.14) reveal the 
presence of nantokite (peak starting at -0.5 V) and cuprite (peak starting at -1.25 V).  Cuprite 
is seldom found on the samples before immersion.  It presence in the voltammograms indicate 
that the formation of cuprite proceeds very fast in the sodium sesquicarbonate solution.  The 
voltammograms recorded at the end of the first Ecorr decrease show a nantokite peak much 
smaller than in the voltammograms of the just immersed samples, indicating that nantokite is 
disappearing.  According to Oddy and Hughes [1970] nantokite appears to be converted into 
paratacamite and/or cuprite.  The experiments performed seem to confirm the convertion of 
nantokite into cuprite.  A closer investigation of these first hours of immersion is however 
performed with a new spectroelectrochemical cell.  These results are described in Chapter 4. 
New voltammograms were recorded later, during the rise of the corrosion potential.  The peak 
at -0.5 V rises again.  The reduction of nantokite and paratacamite both start between -0.5 and 
-0.53 V [Lamy 1997], which makes it difficult to assign a peak to one of them.  However, it 
appears that dissolved products precipitate (as suggested by MacLeod who mentioned for 
example the formation of Cu2(OH)3Cl during the stabilization of a 1cent 1805 piece in sodium 
sesquicarbonate [1984]) or, otherwise, that chloride ions from the solution are reacting with 
the corrosion layer to form nantokite or paratacamite.  SR-XRD measurements recorded 
around that time indicate that less nantokite can be found.  The presence of cuprite and 
paratacamite is more pronounced in the SR-XRD diffractograms, which indicates that the 
voltammogrammic peak at -0.5 V will be mostly due to paratacamite.  The peak at -1.2 V 
indicates that cuprite is still present.  But the shoulder starting at -1.3 V shows that a new 
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corrosion product is forming.  The last voltammogram, recorded after a month, confirms this 
trend.  Taking into account the SR-XRD measurements performed after 14 days immersion, 
this peak is assigned to the reduction of malachite. 
-3.E-03
-3.E-03
-2.E-03
-2.E-03
-1.E-03
-5.E-04
0.E+00
-1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4
potential (V vs. MSE)
cu
rr
en
t d
en
si
ty
 (A
/c
m
²)
just immersed
end of the first descend
rise of the potential
after a month
 
Figure 3.14.  Voltammograms of copper covered with nantokite at several immersion times in 
1 wt% sodium sesquicarbonate. 
These experiments reveal a replacement of nantokite by cuprite during the first hours of 
immersion, later on paratacamite and malachite are formed.  Still, a more detailed 
examination of the first hours of the immersion seemed advisable to reveal the correlation 
between the surface changes taking place on these samples and the behaviour of the corrosion 
potential with time.  In chapter 4, the use of a new spectroelectrochemical cell is described 
which enabled us to perform simultaneous corrosion potential and X-ray measurements. 
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3.3.4. Copper covered with atacamite 
The recording of Ecorr with time for copper covered with atacamite initially shows a quick 
decrease in the first few hours followed by an increase, after which it decreases again but at a 
much slower rate.  The decrease of the corrosion potential with time indicates the 
transformation of corrosion products. 
The SR-XRD analyses seem to confirm this: atacamite disappears in the SR-XRD spectra in 
favour of malachite (Table 3.11). 
Table 3.11.  SR-XRD results of copper samples covered with atacamite after different 
immersion times in a sodium sesquicarbonate solution (xx major product; x minor product). 
 atacamite (Cu2Cl(OH)3) malachite (CuCO3.Cu(OH)2) 
before xx  
after 1 day xx  
after 14 days  xx 
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Figure 3.15.  Voltammograms of copper covered with atacamite immediately after immersion 
and after 14 days of immersion in a 1 wt% sodium sesquicarbonate solution. 
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The voltammogram of the copper samples covered with atacamite measured immediately 
after immersion (Figure 3.15) shows several peaks.  The peak starting around -0.75 V can be 
attributed to atacamite.  The peaks at higher potentials are probably due to small amounts of 
the other copper chlorides present as side products.  The reduction peak at -1.4 V is most 
likely due to the reduction of reaction products of the previous reduction reactions.  The 
voltammogram recorded after 14 days immersion in 1 wt% sesquicarbonate shows that the 
atacamite peak (-0.75 V) has decreased.  Instead cuprite (- 1.2 V) and malachite (-1.3 V) have 
been formed. 
 
3.3.5. Copper covered with a mixture of atacamite and paratacamite 
The corrosion potential of the mixture of atacamite and paratacamite first increases and then 
decrease by more than 40 mV in the first 3 days.  After this, the decrease with time is much 
slower.  This trend again indicates the transformation of corrosion products. 
The SR-XRD spectra indicate the diminishing of the chloride products in favour of cuprite 
and malachite (Table 3.12).  However, we have to remain here that the SR-XRD spectra were 
recorded on powder scratched from the samples.  This implies that information on the 
stratigraphy of the corrosion layers was lost and that in some cases the upper layer was 
collected preferential.  The copper samples covered with atacamite and paratacamite showed 
for example two layers after 1 day of immersion in the 1 wt% sodium sesquicarbonate 
solution: a red layer adjacent to the metal surface with a green layer above.  Especially the red 
layer underneath (based on the colour, most likely to be cuprite) was very difficult to collect, 
which implies that the contribution of this corrosion product to the SR-XRD spectra can be 
underestimated. 
Table 3.12.  SR-XRD results of copper samples covered with a mixture of atacamite and 
paratacamite after different immersion times in a sodium sesquicarbonate solution (xx 
major product; x minor product). 
 atacamite 
(Cu2Cl(OH)3) 
paratacamite 
(Cu2Cl(OH)3) 
cuprite 
(Cu2O) 
malachite 
(CuCO3.Cu(OH)2)
before xx xx   
after 1 day xx xx xx  
after 14 days x x x xx 
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A representative voltammogram of the copper sample covered with a mixture of atacamite 
and paratacamite, recorded immediately after immersion in the sodium sesquicarbonate 
solution, is given in Figure 3.16 and shows one big peak starting around -0.5 V, indicating the 
presence of paratacamite.  Nevertheless, nantokite and atacamite can also be present hidden 
under this peak as suggested by the SR-XRD spectra.  After 1 day of immersion in the 1 wt% 
sodium sesquicarbonate solution, two layers could be seen: a red layer adjacent to the metal 
surface with a green layer above.  In the voltammograms two peaks are recorded.  The peak 
starting at -0.62 V could be caused by paratacamite (Cu2Cl(OH)3), which is a green corrosion 
product.  The other peak starting around -1.19 V can be attributed to cuprite, which explains 
the red colour.  The identification of the layers agrees with the SR-XRD data.  The 
voltammogram recorded after 14 days immersion still shows the presence paratacamite (-
0.62 V).  The peak starting around -1.3 V can be attributed to malachite. 
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Figure 3.16.  Voltammogram of copper covered with a mixture of atacamite and paratacamite 
just after immersion, 1 day and 14 days after immersion in a 1 wt% sodium sesquicarbonate 
solution. 
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3.3.6. Copper covered with chalcocite 
The Ecorr measurements of chalcocite show an increase of the corrosion potential in the first 
week.  After approximately eight days, the potential reaches a plateau around -455 mV. 
Chalcocite reveals a special behaviour.  Chalcocite can be found as a hexagonal or as an 
orthorhombic system.  The SR-XRD results show that the samples which have not been 
immersed exhibit an orthorhombic structure (Table 3.13).  For the diffractogram recorded 
after 1 day, the pure copper peaks were the most pronounced.  Further they reveal the peaks 
for a hexagonal structure.  It is likely that there has been a rearrangement of the crystal 
structure in the sesquicarbonate solution.  After 14 days the layer was too thin to be removed 
and measured.  The spectra only reveal pure copper. 
Table 3.13.  SR-XRD results of copper samples covered with chalcocite after different 
immersion times in a sodium sesquicarbonate solution (xx major product; x minor product). 
 chalcocite (Cu2S), 
orthorombic  
chalcocite (Cu2S), 
hexagonal  
copper cuprite (Cu2O) 
before x  xx  
after 1 day  x xx  
after 14 days - - xx - 
 
 
The voltammogram immediately measured after immersion of the copper sample covered 
with chalcocite is presented in Figure 3.17.  A big peak starts at -1.45 V, which can be 
attributed to the presence of chalcocite.  The voltammogram recorded after one day still 
shows this peak.  But furthermore, a small peak can be seen at -1.2 V, indicating that cuprite 
may be forming by longer immersion. 
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Figure 3.17.  Voltammogram of copper covered with chalcocite just immersed and after 1 day of 
immersion in 1 wt% sodium sesquicarbonate. 
 
3.3.7. Copper covered with brochantite 
The corrosion potential of the copper sample covered with brochantite starts to descend right 
from the beginning of the immersion.  During the first to second day, this descent is rather 
steep, after which the slope decreases to become more or less stable. 
On these samples, SR-XRD spectra were only recorded before and after 14 days immersion 
(Table 3.14). They show no difference implying that the surface composition of these samples 
remains the same.  Voltammograms of the copper sample covered with brochantite measured 
immediately after immersion and after 14 days of immersion in the sodium sesquicarbonate 
solution are presented in Figure 3.18.  A big peak starts at -1.25 V and is probably a 
combination of two adjacent peaks, representing the reduction of cuprite and brochantite, 
since the SR-XRD spectra indicate both products are present on the samples.  After 14 days of 
immersion the same voltammetric peak remained. 
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Table 3.14.  SR-XRD measurements of copper samples covered 
with brochantite after different immersion times in a sodium 
sesquicarbonate solution (xx major product; x minor product). 
 brochantite 
(Cu4(SO4)(OH)6) 
cuprite  
(Cu2O) 
before xx x 
after 14 days xx x 
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Figure 3.18.  Voltammogram of copper covered with brochantite just immersed and after 14 days 
in 1wt% sodium sesquicarbonate. 
 
3.3.8. Summary of the SR-XRD results 
A compilation of the SR-XRD results is given in Table 3.15.  Artificially formed patinas of 
cuprite, nantokite, atacamite or a mixture of atacamite and paratacamite on copper are 
certainly affected during the immersion in a 1 wt% sodium sesquicarbonate solution.  Cuprite 
does not transform into other corrosion products but the thickness of the cuprite layer changes 
with time.  Nantokite, on the other hand, is converted to cuprite and paratacamite.  Later on, 
malachite is formed.  Similar results were obtained with samples covered with atacamite and 
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with a mixture of atacamite and paratacamite.  The corrosion layers of chalcocite and 
brochantite seem less affected by the immersion. 
Table 3.15. Compilation of the SR-XRD results before and after 14 days immersion in a 1 wt% 
sodium sesquicarbonate solution (xx major product; x minor product). 
  corrosion products 
corrosion 
protocols 
 
cuprite 
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)6 SO
4 ) 
before xx       
1 xx       
cuprite 
14 xx       
before  xx      
1 xx x  x    
nantokite 
14 xx   x  x  
before   xx     
1   xx     
atacamite 
14      xx  
before   xx xx    
1 xx  xx xx    
atacamite 
and 
paratacamite 14 x  x x  xx  
before     xx   
1     xx   
chalcocite 
14     -   
brochantite before x      xx 
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3.4. Behaviour of corroded copper-tin samples in sodium 
sesquicarbonate 
In the same way as for the copper samples, a set of artificially corroded copper-tin samples 
was prepared and verified (subsection 3.2 ‘Artificially corroded samples’).  The corroded 
samples were subsequently immersed in a 1 wt% sodium sesquicarbonate solution while 
corrosion potential measurements were performed.  All experiments were performed at least 
three times.  In Figure 3.19 a set of representative Ecorr measurements for the various 
corrosion products is shown for an immersion period of 14 days.  The corresponding SR-
XRD spectra are available in Appendix 3. 
          
Figure 3.19. Corrosion potential versus time measurements for a copper-tin alloy covered 
with different corrosion products and immersed in a 1 wt% sodium sesquicarbonate solution. 
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3.4.1. Uncorroded copper-tin and copper-tin covered with cuprite 
Both the uncorroded samples and the ones corroded with cuprite reach a stable corrosion 
potential after only a few hours.  This corrosion potential is maintained during the rest of the 
immersion time.  According to our hypothesis, this behaviour indicates that no significant 
transformation takes place on the surface of these samples.  Representative optical images of 
copper-tin samples covered with cuprite are given in Figure 3.20.  From a visual point of 
view, there is not much difference between the samples before immersion (Figure 3.20, left) 
and after 14 days of immersion in the sodium sesquicarbonate solution (Figure 3.20, right).   
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3.4.2. Copper-tin covered with nantokite 
The corrosion potential of the copper-tin sample covered with nantokite shows a lot of 
variation at the beginning of the immersion.  After a few days, the corrosion potential reaches 
the same value as obtained for the uncorroded sample and the sample covered with cuprite.  
Optical images and SR-XRD data were taken before immersion, after 1 day and 14 days of 
immersion.  Prior to immersion, the copper-tin samples covered with nantokite show different 
variants of green (Figure 3.21 left). The most obvious peaks in the SR-XRD diffractogram 
before immersion are the peaks of nantokite (Table 3.17).  Also paratacamite and atacamite 
are observed on these samples. 
 
Figure 3.21.  Light microscopy images of copper-tin samples covered with nantokite.  Left: 
prior to immersion; Right: after 1 day of immersion; Bottom: after 14 days in 1 wt% sodium 
sesquicarbonate. 
25 mm 
After 1 day of immersion, the samples have changed colour and have a red brown appearance 
with small parts of green on top of this layer.  SR-XRD results of both the red brown and the 
green pigments are shown in Table 3.17.  The red layer appears to be cuprite, while the green 
parts are mainly paratacamite, together with atacamite.  After 14 days of immersion in 1 wt% 
sodium sesquicarbonate, the samples show multi coloured parts (Figure 3.21, bottom).  SR-
XRD measurements show the orange to brown zones are mainly cuprite, while the green 
zones show mainly to be paratacamite and atacamite (Table 3.17). 
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Table 3.17.  SR-XRD results of copper-tin samples covered with nantokite, recorded before 
and after 14 days immersion in 1 wt% sodium sesquicarbonate (xx major product; x minor 
product). 
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after 14 days, green  x x xx  x 
 
 
3.4.3. Copper-tin covered with atacamite 
The corrosion potential of the copper-tin samples covered with atacamite strongly increases 
during the first day, showing afterwards a long slow descent in its value.  SR-XRD spectra 
(Table 3.18) show the formation of cuprite.  In one case, malachite was formed as well.  In 
general atacamite does not seem to transform; instead, cuprite is formed underneath.  The 
strong increase in the corrosion potential possibly indicates the formation of a new corrosion 
product, cuprite in this case, where the slow descent of the corrosion potential with time could 
be due to the growth of this component. 
Table 3.18.  SR-XRD results of the copper-tin alloy covered with atacamite, recoded before 
and after immersion in 1 wt% sodium sesquicarbonate (xx major product; x minor product). 
 atacamite (Cu2Cl(OH)3) cassiterite (SnO2) cuprite (Cu2O) 
before xx x  
after 1 day xx x x 
after 14 days xx x xx 
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3.4.4. Copper-tin covered with atacamite and paratacamite 
The copper-tin samples covered with a mixture of atacamite and paratacamite show right after 
their immersion a strong descent in the corrosion potential, after which their value strongly 
increases again to a maximum, where it stays for a few days (two or three).  Later on, the 
corrosion potential starts to descend slowly to a more or less stable corrosion potential just 
above the range of copper-tin covered with cuprite.  A few of the samples show another 
increase in the corrosion potential towards the end of 14 immersion days.  Representative 
optical images prior to immersion, after 1 day and after 14 days of immersion are shown in 
Figure 3.22.  From a visual point of view, there seems to be no difference between the 
samples after different immersion periods. 
 
Figure 3.22.  Optical images of copper-tin samples covered with a mixture 
of atacamite and paratacamite.  Left: prior to immersion; Right: after 1 
day of immersion; Bottom: after 14 days in 1 wt% sodium sesquicarbonate. 
25 mm 
The SR-XRD spectra (Table 3.19) indeed show mainly atacamite and paratacamite on the 
samples.  In some cases malachite was formed as well.  However, as was the case for the 
copper samples covered with these corrosion products, it is likely that cuprite was formed 
underneath the atacamite and paratacamite layer.  The variation of the corrosion potential 
during the first few days is most probably caused by the formation of cuprite.  This is strongly 
indicated by the fact that the corrosion potential varies to the corrosion potential of the 
copper-tin alloy covered with cuprite.  Possibly part of the atacamite and paratacamite is 
reacting as well, which would explain the strong variations in the first hours of the immersion.  
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The small increase of the corrosion potential at the end of the fourteen days immersion is 
probably due to the formation of malachite. 
Table 3.19.  SR-XRD results of copper-tin samples covered with a mixture 
of atacamite and paratacamite, recorded before and after immersion in 1 
wt% sodium sesquicarbonate (xx major product; x minor product). 
 atacamite 
(Cu2Cl(OH)3) 
paratacamite 
(Cu2Cl(OH)3) 
before xx xx 
after 1 day xx xx 
after 14 days xx xx 
 
 
3.4.5. Copper-tin covered with chalcocite 
The copper-tin surfaces covered with chalcocite show the same behaviour as the copper-tin 
covered with atacamite in that the corrosion potential strongly increases in the beginning, 
after which the corrosion potential starts a long slow descent.  Also in this case, the SR-XRD 
spectra (Table 3.20) show only chalcocite.  The latter indicates that chalcocite does not 
transform into other corrosion products. 
Table 3.20.  SR-XRD results of the copper-tin alloy covered 
with chalcocite: before and after immersion in 1 wt% sodium 
sesquicarbonate (xx major product; x minor product). 
 chalcocite (Cu2S) 
before xx 
after 1 day xx 
after 14 days xx 
 
 
3.4.6. Copper-tin covered with brochantite 
The corrosion potential of the samples covered with brochantite starts to descend right from 
the beginning of the immersion.  The first to second day this descent is rather steep; 
afterwards the slope decreases and becomes the same as is seen with the sample covered with 
atacamite and chalcocite.  SR-XRD data (Table 3.21) do not show any change in the 
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qualitative composition of the samples before and after immersion; that is both cuprite and 
brochantite remain present.  The beginning of the corrosion potential versus time plot is 
obviously affected by the presence of the brochantite.  The slow descent of the corrosion 
potential after these days probably indicates a slightly growing of the cuprite layer. 
Table 3.21.  SR-XRD results of the copper-tin alloy covered with 
brochantite, recorded before and after immersion in 1 wt% sodium 
sesquicarbonate (xx major product; x minor product). 
 brochantite 
(Cu4(SO4)(OH)6)
cuprite  
(Cu2O) 
before xx x 
after 1 day xx x 
after 14 days xx x 
 
 
3.4.7. Summary of the SR-XRD results 
A compilation of the SR-XRD results is given in Table 3.22.  These data reveal that 
artificially formed cuprite, chalcocite and brochantite patinas on the copper-tin alloy are not 
affected during immersion in a 1 wt% sodium sesquicarbonate solution.  Chloride containing 
compounds, on the other hand, react in the solution.  Cuprite and in some cases malachite are 
formed on these samples. 
 
 
3.5. Behaviour of corroded copper-tin-lead samples in 
sesquicarbonate 
In the same way as for the copper and the copper-tin samples, a set of artificially corroded 
copper-tin-lead samples was prepared and verified (subsection 3.2 ‘Artificially corroded 
samples’).  The corroded samples were subsequently immersed in a 1 wt% sodium 
sesquicarbonate solution while corrosion potential measurements were performed.  In Figure 
3.23 a set of representative Ecorr measurements for the various corrosion products is shown for 
an immersion period of 14 days. 
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Table 3.22. Compilation of the XRD results before and after 14 days immersion in a 1 wt% sodium 
sesquicarbonate solution (xx major product; x minor product). 
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Figure 3.23.  Corrosion potential versus time measurements for a copper-tin-lead alloy 
covered with different corrosion products and immersed in a 1 wt% sodium sesquicarbonate 
solution. 
Comparing the obtained data with the ones plotted in Figure 3.19, it can be seen at first sight 
that the corrosion potential of the pure copper-tin-lead alloy is less stable than the one 
measured for the copper-tin alloy: small to large fluctuations of the corrosion potential are 
seen for most of the samples.  This behaviour seems to resemble the potential fluctuations 
noticed during passive film breakdown and repair on iron by M. Hashimoto et al. [1992] and 
H. Isaacs [1993], where the corrosion potential prepitting transients consist of some sharp 
potential falls followed by a slower return to the stationary value.  In the case of the copper-
tin-lead alloy, however, these transients can also be due to the heterogeneous structure of the 
alloy.  The metallic alpha-phase consists mainly of copper (88 %) and tin (11 %).  Elongated 
tin powder grains form the grain boundary in the alpha-phase, while lead occurs in large 
inclusions of pure globules [Constantinides et al. 2001].  Lead possesses a lower potential in 
the galvanic series in comparison to the copper-tin alpha-phase.  The latter implies that, when 
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a pure lead globule comes in contact with the solution, the corrosion potential of the entire 
surface will adopt a potential between the potential of the pure lead and the potential of the 
rest of the surface, which explains the potential drops in the corrosion potential.  However, 
since the lead globules are forced to a higher potential by this action, the lead globule 
corrodes at an accelerated rate.  When the complete lead globule has been corroded, or when 
the corrosion layer formed on top of the globule is protective enough, the corrosion potential 
will increase again to the value of the copper-tin alpha-phase covered with corrosion products.  
This phenomenon repeats itself when a new lead globule reaches the surfaces or when small 
cracks in the corrosion layer permit new contact between a lead globule and the solution.  All 
of the samples showed these fluctuations, however, some are more pronounced than others, 
which is most probably due to different corrosion layers thicknesses. 
In what follows, a more detailed explanation will be given for each of the measurements, 
while the data will also be linked to SR-XRD spectra (available in Appendix 4). 
 
3.5.1. Uncorroded copper-tin-lead and copper-tin-lead covered with cuprite 
Except for the above-mentioned fluctuations in potential, the uncorroded copper-tin-lead alloy 
and the copper-tin-lead alloy covered with cuprite show a rather stable value within less than 
3 hours of immersion.  Representative optical images of the samples covered with cuprite 
prior to immersion and after 14 days of immersion in the sodium sesquicarbonate solution are 
shown in Figure 3.24.  Before immersion, the samples have a white to grey appearance.  After 
immersion, the colour of the samples changes and shows a yellow-orange zone and a darker 
zone.  
50 mm 50 mm
 
Figure 3.24.  Optical images of a copper-tin-lead sample covered with cuprite.  Left: prior to 
immersion.  Right: after 14 days in sodium sesquicarbonate. 
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In the corresponding SR-XRD spectra (Table 3.23) it can be seen that cuprite is the main 
corrosion product prior to immersion, while cassiterite, plattnerite and scrutinyite are 
observed as well.  After 14 days of immersion in the sodium sesquicarbonate solution, the 
relative amount of cassiterite clearly increases, while massicot, cerrusite and hydrocerrusite 
are observed as well.  This indicates that the lead carbonates do not appreciably affect the 
behaviour of the corrosion potential as a function of time. 
Table 3.23.  SR-XRD results of the copper-tin-lead alloy covered with cuprite, recorded 
before and after immersion in 1 wt% sodium sesquicarbonate (xx major product; x 
minor product). 
 
cuprite  
(C
u
2 O
) 
cassiterite  
(SnO
2 ) 
plattnerite  
(PbO
2 ) 
scrutinyite 
 (PbO
2 ) 
m
assicot 
(PbO
) 
cerrusite 
(PbC
O
3 ) 
hydrocerrusite 
(Pb
3 (C
O
3 )2 
(O
H
)2 ) 
before xx x x x    
after 14 days x x   x xx x 
 
 
3.5.2. Copper-tin-lead covered with nantokite 
The corrosion potential of the copper-tin-lead alloy covered with nantokite shows a strong 
decrease at the start of the immersion.  After 1.5 hour, the corrosion potential increases again 
and goes through a maximum after ~24 hours.  The corrosion potential stabilizes after about 3 
or 4 days and reaches the same value as the corrosion potential of the uncorroded sample and 
the one covered with cuprite.  As for the copper-tin samples, prior to immersion the copper-
tin-lead samples covered with nantokite have a green appearance (Figure 3.25, left).  The 
most obvious peaks in the SR-XRD diffracto-gram are indeed the peaks of nantokite (Table 
3.24).  Also paratacamite, atacamite and a little cassiterite are observed.  After 1 day of 
immersion, the colour of the samples has turned to orange brown with small parts of green on 
top of this layer (Figure 3.25, right).  The results of the SR-XRD spectra of both the orange 
and the green pigments are shown in Table 3.24.  The orange layer shows the presence of 
cuprite, atacamite, paratacamite and cassiterite, while the green parts show a similar 
composition, however, with a smaller amount of cuprite.  Nantokite can no longer be 
observed.  After 14 days of immersion, the samples are more red brown, but still show a few 
greenish zones (Figure 3.25, bottom).  The SR-XRD measurements show the samples contain 
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mainly cuprite, while some atacamite, paratacamite and cassiterite can be seen as well (Table 
3.24).  The main presence of cuprite is in accordance with the observation that the corrosion 
potential after 4 days resembles the behaviour of the corrosion potential of the copper-tin-lead 
alloy corroded by the protocol to form pure cuprite. 
 
Figure 3.25.  Light microscopy images of copper-tin-lead samples 
covered with nantokite.  Left: prior to immersion; Right: after 1 day of 
immersion; Bottom: after 14 days in 1 wt% sodium sesquicarbonate. 
 
25 mm 
Table 3.24.  SR-XRD spectra of the copper-tin-lead alloy covered with nantokite, recorded 
before and after immersion in 1 wt% sodium sesquicarbonate (xx major product; x minor 
product). 
 nantokite  
(CuCl) 
cuprite  
(Cu2O) 
atacamite 
(Cu2Cl(OH)3) 
paratacamite 
(Cu2Cl(OH)3) 
cassiterite 
(SnO2) 
before xx  x x  
after 1 day, green  x x xx  
after 1 day, orange  xx x x  
after 14 days  xx x x x 
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3.5.3. Copper-tin-lead covered with atacamite 
In the case of the copper-tin-lead samples covered with atacamite, the corrosion potential 
increases first to a maximum, where it stays stable for a couple of days.  Later on, the 
corrosion potential shows a long slow descent.  SR-XRD data (Table 3.25) show the formation 
of cuprite and cassiterite.  In some cases malachite and cerrusite are formed as well.  The 
general behaviour resembles that of the copper-tin-lead sample covered with cuprite; 
however, the influence of the atacamite is reflected in the higher potential of the curve.  The 
corrosion potential seems to evolve slowly to the corrosion potential of copper-tin-lead 
covered with cuprite, which raises the question whether atacamite disappears as a function of 
time.  The protocol used to form atacamite produces a loose powdery corrosion layer, and 
atacamite could possibly be lost due to bad adhesion to the copper surface.  The effect could 
even be enhanced by the formation of cuprite underneath the atacamite layer. 
Table 3.25.  SR-XRD results of the copper-tin-lead alloy covered with 
atacamite, recorded before and after immersion in 1 wt% sodium 
sesquicarbonate (xx major product; x minor product). 
 atacamite 
(Cu2Cl(OH)3) 
cuprite  
(Cu2O) 
cassiterite  
(SnO2) 
before xx   
after 1 day xx   
after 14 days xx x x 
 
 
3.5.4. Copper-tin-lead covered with atacamite and paratacamite 
As for the case of copper-tin-lead covered with nantokite, the copper-tin-lead covered with 
the mixture of atacamite and paratacamite shows a strong descending corrosion potential at 
the start of the immersion in the 1 wt% sodium sesquicarbonate solution.  After 1.5 hours, the 
corrosion potential increases and goes through a maximum after a little more than a day.  The 
corrosion potential stabilizes after about 2.5 days close to the same value as the corrosion 
potential of the uncorroded copper-tin-lead and the copper-tin-lead covered with cuprite.  
Optical images of the copper-tin-lead samples covered with a mixture of atacamite and 
paratacamite are recorded prior to immersion, after 1 day and after 14 days of immersion 
(Figure 3.26). 
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Figure 3.26. Optical images of copper-tin-lead samples 
covered with a mixture of atacamite and paratacamite.  Left: 
prior to immersion; Right: after 1 day of immersion; 
Bottom: after 14 days in 1 wt% sodium sesquicarbonate 
25 mm 
Before immersion the samples have a light green appearance with dark green spots.  
Unfortunately it was not possible to collect the different colours separately for the SR-XRD 
experiments.  The SR-XRD data recorded on the mixture show the presence of atacamite and 
paratacamite (Table 3.26). 
Table 3.26.  SR-XRD results of the copper-tin-lead alloy covered with atacamite and 
paratacamite, recorded before and after immersion in 1 wt% sodium sesquicarbonate  
(xx major product; x minor product). 
 atacamite 
(Cu2Cl(OH)3) 
paratacamite 
(Cu2Cl(OH)3) 
cuprite 
(Cu2O) 
massicot  
(PbO) 
unknown 
before xx xx    
after 14 days,  
green 
xx xx    
after 14 days,  
brown 
  x x xx 
 
 
With increasing immersion time the proportion of the light green corrosion product seems to 
fade in favour of the dark green corrosion product.  After 14 days of immersion, the two 
colours of corrosion products were collected separately.  The green corrosion product showed 
the same peaks as on the sample which had not been immersed, indicating that atacamite and 
paratacamite are the principal corrosion products.  The spectrum of the brown corrosion 
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product consists mainly of cuprite, massicot and an unidentified corrosion product.  On some 
of the samples, malachite is formed as well.  The cuprite seems to have a stabilizing influence 
on the behaviour of the corrosion potential.  Similar to the case of copper-tin-lead covered 
with nantokite, the corrosion potential of the copper-tin-lead covered with the mixture of 
atacamite and paratacamite resembles the behaviour of the copper-tin-lead covered with 
cuprite after 4 days immersion.  The influence of the other corrosion products (cassiterite, 
massicot and hydrocerrusite) is not clear at this stage.  Presumably these products are too low 
in concentration to have an influence on the corrosion behaviour and probably also to have an 
influence on the corrosion potential. 
 
3.5.5. Copper-tin-lead covered with chalcocite 
On the first day, the corrosion potential of the copper-tin-lead samples covered with 
chalcocite shows a very strong increase.  Afterwards a more or less stable value is obtained, 
however at a higher potential than for the rest of the samples.  SR-XRD results show the 
formation of cassiterite and litharge (Table 3.27), which are most probably the cause of the 
specific behaviour of the corrosion potential.  For the moment, it is not known how the 
corrosion potential is influenced by each of the components.  New tests with these corrosion 
products need to be performed to sort this out. 
Table 3.27.  SR-XRD spectra of the copper-tin-lead alloy covered 
with chalcocite: before and after immersion in 1 wt% sodium 
sesquicarbonate (xx major product; x minor product). 
 chalcocite 
(Cu2S) 
cuprite 
(Cu2O) 
cassiterite 
(SnO2) 
litharge 
(PbO) 
before xx  x  
after 1 day x xx x  
after 14 days x xx xx x 
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3.5.6. Copper-tin-lead covered with brochantite 
The corrosion potential versus time plot of copper-tin-lead covered with brochantite starts 
with a rather strong decrease, followed by a less steep descent, and stabilizes around the value 
of the corrosion potential of the bare copper-tin-lead alloy.  This is the same behaviour as the 
copper-tin alloy covered with brochantite, and also in this case, the SR-XRD results show 
cuprite was already present before the start of the immersion (Table 3.28).  The SR-XRD 
results also show the formation of cerrusite, but apparently the formation of this product does 
not influence the behaviour of the corrosion potential in function of time. 
Figure 3.28. SR-XRD spectra of the copper-tin-lead alloy covered with brochantite, 
recorded before and after immersion in 1 wt% sodium sesquicarbonate (xx major 
product; x minor product). 
 brochantite 
(Cu4(SO4)(OH)6) 
cuprite 
(Cu2O) 
anglesite 
(PbSO4) 
cerrusite 
(PbCO3) 
before xx x x  
after 1 day xx x x x 
after 14 days xx x x xx 
 
 
3.4.7. Summary of the SR-XRD results 
A compilation of the SR-XRD results is given in Table 3.29.  These data reveal that new 
corrosion products are found on each of the samples after 14 days in the sodium 
sesquicarbonate solution.  On the cuprite and brochantite patinas lead carbonates are formed.  
The chloride containing patinas and chalcocite show the formation of cuprite and nantokite 
disappears from the nantokite samples. 
 
 
3.6. Discussion 
The reactions of the different samples seem to depend mostly on the corrosion product 
covering the sample and less on the alloy substrate.  On the basis of the corrosion potential 
measurements recorded during the 14 days of immersion, 4 types of behaviours can be 
distinguished (Figure 3.27). 
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Table 3.29. Compilation of the XRD results before and after 14 days immersion in a 1 wt% 
sodium sesquicarbonate solution (xx major product; x minor product). 
  corrosion products 
corrosion 
protocols 
 
cuprite (C
u
2 O
) 
nantokite (C
uC
l) 
atacam
ite (C
u
2 (O
H
)3 C
l) 
paratacam
ite (C
u
2 (O
H
)3 C
l) 
chalcocite (C
u
2 S) 
brochantite (C
u
4 (O
H
)6 SO
4 ) 
cassiterite (SnO
2 ) 
m
assicot (PbO
) 
litharge (PbO
) 
plattrnite (PbO
2 ) 
scrutinyite (PbO
2 ) 
cerrusite (PbC
O
3 ) 
hydrocerrusite (Pb
3 (C
O
3 )2 (O
H
)2 ) 
anglesite (PbSO
4 ) 
0 xx      x   x x    cuprite 
14 x      x x    xx x  
0  xx x x           
1 xx  x xx           
nantokite 
14 xx  x x   x        
0   xx            
1   xx            
atacamite 
14 x  xx    x        
0   xx xx           atacamite - 
paratacamite 14 x  xx xx    x       
0     xx  x        
1 xx    x  x        
chalcocite 
14 xx    x  xx  x      
0 x     xx        x 
1 x     xx      x  x 
brochantite 
14 x     xx      xx  x 
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Figure 3.27.  Four typical corrosion potential versus time measurements for copper-based 
samples covered with different corrosion products immersed in 1 wt% sodium 
sesquicarbonate. 
Type 1: The corrosion potential shows a steep rise at the beginning of the immersion, which 
ends in a more or less stable potential after only a few hours.  This behaviour can be seen in 
the case of uncorroded samples and samples covered with cuprite.  SR-XRD measurements of 
the surfaces do not show any change in the qualitative composition before or after treatment 
for the copper and the copper-tin samples.  Nevertheless, the voltammograms obtained on the 
unalloyed copper indicate that the thickness of cuprite changes during the immersion.  This 
seems not to be reflected in the Ecorr measurements.  Also the formation of lead carbonates on 
the copper-tin-lead samples does not seem to have an influence on the Ecorr behaviour. 
Type 2: Atacamite and chalcocite show a behaviour similar to type 1 on the two copper-based 
alloys.  However, the potentials are higher and the “stable” potential slowly descends.  The 
unalloyed copper samples covered with these corrosion products differ from this pattern.  
After 2-3 days of immersion, the corrosion potential increases slowly instead of evolving into 
a descent.  Only by the end of the 14 days immersion, the corrosion potential finally seems to 
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evolve to a stable corrosion potential.  SR-XRD spectra show the formation of cuprite and 
cassiterite (on the copper-tin-lead alloy) and other corrosion products such as malachite on the 
atacamite samples.  The formation of cuprite on the two alloys can be a possible cause for the 
difference in behaviour with respect to the unalloyed copper. 
Type 3: The corrosion potential of the samples covered with nantokite and with a mixture of 
atacamite and paratacamite goes through a maximum after 1 to 4 days.  Afterwards, the 
potential progresses to the corrosion potential of samples covered with cuprite.  For the alloys 
covered with nantokite, the corrosion potential starts with a small increase after 13 days 
immersion; this increase starts earlier for the copper samples covered with nantokite (after 6-7 
days).  The preliminary decrease of the corrosion potential for nantokite occurs in sodium 
sesquicarbonate probably corresponds to the following reactions [Oddy et al. 1970]:  
+− ++→+ HClcupriteOCuOHnantokiteCuCl 22)()(2 22    (1) 
HClteparatacamiClOHCuOOHnantokiteCuCl +→++ )()(2)(2 3222   (2) 
The voltammograms obtained on the unalloyed copper indicate, however, that reaction (1) is 
more pronounced than reaction (2).  The experiments performed seem to confirm the 
convertion of nantokite into cuprite.  A more detailed examination of these first hours of 
immersion is performed with a new spectroelectrochemical cell.  The results are described in 
Chapter 4.  These transformations are followed by the formation of malachite, which can be 
explained by the reactions suggested by MacLeod [1987a,b]: 
OHClHCOCuHCOOCuCl 2
2
2332 244)(484 +++→++ −+−−    (3) 
−−−− ++→+ ClOHCOCuCOteparatacamiClOHCu 3)(24)()( 2232332   (4) 
The ion  is supposed to be stable in the presence of bicarbonate ions.  However, 
Oddy and co-authors [1970] already indicated the precipitation of this compound.  In this 
way, a layer of malachite (CuCO
−2
23 )(COCu
3.Cu(OH)2) can be formed.  It is probably the formation of 
the stable malachite that causes the corrosion potential to rise after 6 days.  Similar results 
were obtained with the samples covered with a mixture of atacamite and paratacamite.  A red-
brown cuprite layer developed underneath the blue-green atacamite/paratacamite/nantokite 
layer in the solution.  The decrease of the corrosion potential during the first days of the 
immersion process can be caused by the decomposition of the copper chloride species.  This 
decrease is later slown down by the formation of a stable malachite (as mentioned in the 
discussion of nantokite) and cuprite layer.  
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Type 4: The last type of corrosion potential curves only occurs for the samples covered with 
brochantite.  First there is a rather strong descent followed by a more steady descent.  SR-
XRD spectra do not show any difference in the composition before and after 14 days 
immersion in the sodium sesquicarbonate solution, except for the formation of lead carbonates 
on the copper-tin-lead alloy. 
 
 
3.7. Conclusions 
Results show that the behaviour of the corrosion potential as a function of time is clearly 
different for the various corrosion products examined, while the influence of the substrate 
seems less important.  The composition of the substrate, however, does have an influence on 
the actual value of the corrosion potential.  The corrosion potential of unalloyed copper 
whether or not it is covered with the corrosion products, is about 15 mV more positive than 
that for the copper-tin alloy covered with the same corrosion products, which in its turn lays 
around 20 mV less negative than the corrosion potential for the copper-tin-lead alloy covered 
with the same corrosion products. 
On the other hand variations of the corrosion potential as a function of time mainly depend on 
the composition of the corrosion layer present.  Changes of the corrosion potential therefore 
reflect compositional changes taking place at the surface.  The cuprite samples indicate, 
however, that qualitative rather than quantitative changes are reflected in the corrosion 
potential.  Nevertheless, the transformation of the aggressive copper chloride species seems 
well reflected in the behaviour of the corrosion potential. 
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Chapter 4 
 
Simultaneous X-ray and 
electrochemical experiments 
 
In the previous chapter, we attempted to reveal the correlation between the surface behaviour 
of corroded copper-based alloys in a 1 wt% sodium sesquicarbonate solution and Ecorr data by 
performing different analysis techniques in separate experiments: Ecorr measurements were 
performed during the treatment while the characterisation of the surface with other analytical 
techniques, such as optical microscopy and SR-XRD, was performed only before or after the 
immersion.  This strategy implied the need for several duplicate samples to follow the 
behaviour in time.  For example, one set of samples was used for the characterization before 
immersion, a second set was immersed for only 1 day and then characterized and a third set of 
samples was left in the solution for 14 days to be characterized afterwards.  Moreover even by 
using non destructive characterisation techniques (for example SR-XRD directly on the 
samples instead of powder scratched from the surface), the surface composition is likely to 
change when exposed to air and the sample can as a result not be re-used in the Ecorr 
experiment after the surface analysis.  This problem can be avoided by performing Ecorr and 
the surface analyses simultaneously.  This way of working not only avoids the sample being 
removed from the solution, but also allows us to acquire more data per type of sample within 
a specific time-frame.  The latter is due to the fact that more measurements can be performed 
per individual sample in stead of preparing and measuring duplicate samples for each 
experiment. 
In this chapter the use of a new electrochemical cell (the “eCell”) is discussed, which allows 
the simultaneous analysis of the samples surfaces with electrochemical measurements and X-
ray techniques.  The major aspects of the development and optimization of the cell are 
described in subsection 4.1. “Development of the eCell”.  Subsection 4.2 “XRD experiments 
performed with the eCell” describes the experiments performed in the scope of the Ecorr study 
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(chapter 3).  Particular focus goes to samples covered with nantokite since the measurements 
described in chapter 3 indicated that especially these samples needed a more thorough 
examination during the first hours of immersion in order to establish a correlation between the 
behaviour of the corrosion potential and changes taking place at the surface.  In subsection 4.3 
the study is extended to XAS measurements, which are known to be sensitive to the presence 
and evolution of amorphous surface compounds. 
 
 
4.1. Development of the eCell 
The combination of SR-XRD, SR-XAS and electrochemistry has been described by a number 
of authors many of whom have published suitable designs for electrochemical cells for use in 
situ in a synchrotron beam line.  As a rule, this work has concentrated on surfaces which are 
ideal in some way, e.g. thin layers suspended on an x-ray transparent membrane [Long et al. 
1983; Kerkar et al. 1990; Schmuki et al. 1998], layers which were thin or atomically flat or 
both [Hecht et al. 1995; Nagy and You 2002], or single crystals [Zegenhagen et al. 1996; 
Davenport et al. 2002; Lucas 2002; Nagy and You. 2002].  Therefore a new electrochemical 
cell had to be constructed which could be used for rough and heterogeneous metal surfaces.  
The design, construction, evaluation and application of this cell were done in close 
cooperation with the Department of Physics of the University of Warwick.  My personal 
contribution involved the participation in the discussions on the cell design and the related 
hardware and software, support in the optimalisation experiments and it was my responsibility 
to devise and perform experiments to evaluate the practical use of the cell and to suggest 
improvements in this respect. 
In what follows, the major aspects of the development and optimization of the cell are 
described.  For the description of the cells and the related hardware and software, I cite the 
work by Dowsett and Adriaens ([Dowsett and Adriaens 2006]) as well as SR users reports 
and unpublished reports written by Prof. M. Dowsett (University of Warwick, UK) and refer 
to personal communication with the team. 
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4.1.1. Cell design (MkI) [Dowsett and Adriaens 2006] 
A schematic diagram of the first version of the cell, MkI, is shown in Figure 4.1.  The cell is 
basically of the Bragg type [Nagy and You 2002] and is designed for use with working 
electrodes which may be rectangular or circular, and up to 16 mm across in their largest 
dimension.  It is therefore suitable for use on beam lines with footprints from the sub-micron 
to the millimetre scale. 
 
Figure 4.1.  Schematic drawing of the electrochemical cell (Mk I) 
[Dowsett and Adriaens 2006]. 
The cell may be mounted in any orientation and is provided with a base plate with a variety of 
slots and holes which can mount on the side or end of the cell.  It is therefore easy to adapt the 
mounting to the requirements of different beam lines. 
The large parts of the cell such as the body and the piston have been machined from 
polychlorotrifluroethylene (PCTFE), selected for its overall excellent chemical resistance and 
for its relative hardness and dimensional stability around room temperature. 
There are two main engineering problems to overcome in a cell of this type: 
1.  The cell is filled with liquid, must be rotated during some types of analysis, and to be 
sufficiently flexible, must adapt to different beam lines where the surface orientation required 
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might be horizontal or vertical.  Leakage from the cell can potentially cause serious damage to 
expensive goniometers and other equipment. 
2.  For the electrochemical processes to work properly, there needs to be a low impedance 
path from the surface of the working electrode through the electrolyte to both the counter and 
the reference electrode, and the impedance should not vary significantly from one point on the 
surface to another, or reaction rates will differ.  At the same time, the thickness of electrolyte 
covering the surface cannot exceed 200 µm during analysis (depending on the X-ray energy) 
or excessive scattering and absorption will occur in the liquid (see next section).  Whilst cells 
have been designed [Brossard et al. 1997] with stationary electrodes and long paths in the 
fluid for use with X-ray energies above 20 keV, such beam energies are not commonly 
available, and, in any case, a cell with this restriction would be of no use for XAS. 
To overcome the first problem, it is common to use a fully closed cell where the X-rays enter 
through a thin polymer membrane which retains the fluid in any orientation.  Either 8 µm 
Kapton® HN (Goodfellow Ltd) or 10 µm low density polyethylene “clingfilm” (Sainsburys 
plc) were used for this purpose (the latter gives a diffraction spectrum which may interfere 
with surface diffraction data (e.g. for cuprite), but is useful otherwise, especially if optical 
transparency is required).  In both cases, oversize circles were cut from the material and 
stretched over the top of the cell to be sealed with an external O-ring.  No failure has yet 
occurred in a window, and even after several hours exposure (in beam lines with mm-scale 
footprints and up to 1012 photons/sec), and the cell may be inverted and shaken without 
rupture.  An inner window or spacer with a rectangular hole in the centre is formed from a 
disc of polyethelyetetraphthylate (PET) 100-200 µm thick, held in place by the outer window 
in a shallow recess in the top of the cell.  External feed-throughs for wire and liquid use 6 mm 
PTFE “flangeless” HPLC fittings (Upchurch Scientific Inc.) fitted to ports machined directly 
into the cell wall or a custom design with Viton® O-Ring seals.  The variety of ferrules 
available with the HPLC fittings facilitates their use as electrical or liquid feed-through. 
To overcome the second problem, the cell was designed so that the working electrode was 
mounted on the end of a piston which could be moved hydraulically, using the electrolyte as 
the working fluid.  The moveable working electrode is used to translate the reacting surface 
from a “electrochemical” position, in proximity to a reference electrode, through an annular 
platinum counter electrode to a “diffraction” position close to a flexible 8 µm thick Kapton 
window.  The first position possesses the best characteristics for performing electrochemical 
experiments.  In the latter position, the path length for X-rays in the electrolyte is a fraction of 
a millimetre to reduce scattering and X-ray absorption.  In order to get permanent potential 
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control on the electrode surface, a rigid polyethylene tetraphthalate inner window with a 
rectangular hole in the middle is positioned just inside the Kapton, limiting the electrolyte 
thickness in a reproduceble manner to 100-175 µm, depending on its thickness.  (Similar 
strategies have been used from the earliest experiments [Fleischmann et al. 1986]).  In this 
way, the cell can be used down to X-ray energies below 8 keV.  The two windows are tightly 
fastened onto the cell body by an O-ring.  The electrode can be retracted into the electrolyte 
for unperturbed electrochemical operation.  Time resolved studies demand that this cycle can 
be repeated under remote control.  In this design, a pair of syringes is used to inject and 
remove liquid from above and below the piston so that the total cell volume remains constant.  
At the same time, optimizing and controlling the thickness of the electrolyte filled pocket 
which remains over the sample during analysis is critical to the successful use of the cell.  As 
described above, the working electrode is moved into contact with the inner window, so that a 
fluid pocket which is still in contact with the bulk of the electrolyte is formed.  Second-order 
control of its thickness is achieved by setting a small negative or positive hydrostatic pressure 
in the top of the cell using the upper syringe.  This controls the negative or positive curvature 
of the outer window above the working electrode surface, and hence the fluid thickness. 
The working electrode is made out of a metal disc of 
pure copper (Advent, UK) or a copper-based alloy 
(see 3.1.1.3.1 Materials).  It may be between 1 and 10 
mm thick in the current design and is encapsulated in 
epoxy or acrylic resin so that only the top surface is 
exposed to the electrolyte (Figure 4.2).  As usual, it 
may be reused by polishing-back the surface ex-situ 
using standard metallographic techniques. 
Since the cell has to operate in environments where 
space is restricted, some commercially available 
miniature Ag/AgCl reference electrodes were tested.  
These were not well sealed, and excessively fragile, so 
a robust custom design was developed (Figure 4.3).  A 
1 mm diameter 99.95% pure silver wire (Alpha Chemicals Ltd, UK), coated by a layer of 
silver chloride, dips directly into a solution of KCl.  For this work a 3 M KCl solution is used.  
The reference electrode has a potential of 210 mV with regard to the standard hydrogen 
electrode [Scholz 2002].  However, in order to compare the data collected with this eCell with 
surface 
(12 mm diameter)
epoxy resin
electric 
connection
 
Figure 4.2.  Image of the working 
electrode used in the MkI cell. 
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the data of Chapter 3, all potentials in this work are presented with respect to a mercury-
mercurous sulphate reference electrode (MSE). 
 
Figure4.3.  Cross section of the Ag/AgCl/Cl- reference electrode 
used for the eCell experiments [Dowsett and Adriaens 2006]. 
The operation of the cell was tested at SRS station 2.3 (see also “4.2.1. In situ monitoring of 
the transformation of nantokite on a copper substrate) using inner windows of various 
thicknesses, and therefore various thicknesses of electrolyte between the sample and the outer 
window.  Since previous measurements (described in chapter 3) indicated that cuprite was 
stable in a sodium sesquicarbonate solution during at least more than one day, these tests were 
performed on a copper sample covered with a cuprite layer having a thickness in the order of 
several 10’s of microns.  Four different set-ups were tested (450 µm, 175 µm, 95 µm and 
without window), while the cuprite peak at a d-space value of 2.465 Å (highest peak) was 
monitored.  For the electrochemical processes it is essential that enough fluid is present 
around the working electrode so that the transport processes taking place in the 
electrochemical cell remain as undisturbed as possible.  On the other hand the fluid layer will 
attenuate and scatter the incoming X-rays, resulting in high background and broadened peaks.  
Taken both aspects into account an inner window of 175 µm was choosen. 
The surface sensitivity of the measurements was optimized on the same sample by changing 
the incident angle while monitoring the cuprite peak 2.465 Å.  The optimum incident angle, 
giving a good compromise between scattering and surface sensitivity was taken as 10° (Both 
experiments are described in more detail in the article of Dowsett and Adriaens [2006]). 
Subsequent measurements on this station were carried out using a fixed incident angle of 10° 
and an inner window of 175 µm.  The in situ monitoring of the transformation of nantokite in 
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1 wt% sodium sesquicarbonate is described in “4.2 XRD experiments performed with the 
eCell” (experiment 4.2.1). 
 
4.1.2. Optimization: integrated system 
The first cell was leak-tight in operation, worked in any orientation and was reasonable easily 
maintained.  It was easily adapted to the mounting requirements of the beam-line.  The 
thickness of the electrolyte pocket over the sample was proved to be finely controlled from 0-
1 mm to within a few microns to obtain the optimum balance between electrochemistry and 
X-ray requirements, and the working electrode could be withdrawn into the bulk of the 
electrolyte when required.  The performed experiments demonstrated the parallel collection of 
X-ray and electrochemical data.  However, they also showed that fast spectrum acquisition on 
a time scale short compared to that of surface transformations taking place on the surface, 
would be an advantage in future experiments. 
In order to allow this, a faster X-ray station was required and moreover, the cell had to be 
adapted to full automation.  Especially the translation of the sample from the electrochemical 
position to the surface characterization position had to be controllable from outside the 
experimental hutch (where the sample is exposed to the X-rays).  Further it would be an 
improvement to adjust the different parts of an experiment (translation of the sample, 
electrochemical experiment, X-ray experiment) to each other.  Therefore, a second version of 
the cell was developed. 
The new electrochemical system consists of a laptop based data and control system which 
interfaces with a custom potentiostat with interleaved stepper motor control for the piston and 
window adjustments, and provision for the direct triggering of fast X-ray measurements.  The 
same system can also make a visual record of the experiments and, in particular, the sample 
surface, using a webcam.  The entire system consists of three main modules: the hardware, a 
custom interface and potentiostat, and a data system written in Microsoft Visual Basic 2005 
[Dowsett pers. com.].  The electrochemical cell itself (MkII) is shown in Figure 4.4.  The cell 
is made from PCTFE for good chemical resistance and reasonable mechanical stability.  It is 
basically a cylinder 60 mm in diameter and 100 mm high containing a piston which is driven 
along the bore by a stepper motor through a dynamic seal.  The working electrode, whose 
surface forms the sample for X-ray analysis, is mounted on the piston so that it can be moved 
from the analysis position, roughly flush with the top of the cell, to the electrochemical 
position where it is fully surrounded by electrolyte with a low impedance path to the counter 
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and reference electrodes.  For the Mk II cell, new working electrodes were designed (Figure 
4.5).  The metal disc is connected to a messing rod by means of conducting glue.  The whole 
is isolated from the solution by an acryllic encapsulation.  The edges are filled with epoxy 
resin to seal everything.  A Teflon® screw enables to mount the working electrode in the cell 
[Dowsett pers. com.]. 
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Figure 4.4.  Mk II with automatic working electrode positioning, window deformat
computer control.  Left: schematic presentation; right: an image of the cell [Do
com.]. 
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Figure 4.5.  Schematic of the working electrode used in the
MkII cell [Dowsett pers. com.]. 
The reference electrode remained the same as used in the first version of the eC
4.3).  The counter electrode is a 30 mm diameter ring of 1 mm diameter 99.95 % p
supported by an HPLC fitting [Dowsett pers. com.]. 
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The potentiostat and interface use a multifunction analogue card (Exacq™ 2120) in a 
PCMCIA to PCI conversion crate (Magma™ CB 232) so that the system can be controlled 
from a laptop PC.  The Exacq card controls a custom potentiostat designed specifically for 
this application and capable of communicating with the interface down a 9 m or greater cable 
run.  The system is complimented by a webcam which allows video or stills of the eCell 
operation to be observed and captured [Dowsett pers. com.]. 
The data system offers the operator a simple and highly pictorial GUI for setting up 
experimental parameters and displaying the data.  The webcam image is used extensively for 
setting up and progress checking.  In operation, the data system is programmed to raise and 
lower the working electrode periodically (Figure 4.6).  The data system can issue a trigger 
pulse to the webcam or a XRD acquisition system as soon as the electrode is in position 
[Dowsett pers. com.]. 
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surface
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tstart
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Figure 4.6.  Start, dwell time and period of an experiment. 
A prelimary version of this system (translation of the working electrode and trigger to the X-
ray data acquisition system) was tested on SRS station 6.2 (Synchrotron Radiation Source, 
Daresbury Laboratory, UK).  This station features a Rapid2 detector which allows the 
acquisition of sequential diffraction patterns during ongoing reactions on a timescale of 
minutes [Lewis et al. 1997; Cernik et al. 2004; Tang et al. 2004].  Moreover, the 
diffractometry data system can be fully integrated with the laptop based control system.  Since 
the electrochemical part of the integrated system was still under construction, the 
electrochemical data were collected using an Autolab potentiostat connected to a laptop 
(Autolab PGSTAT10 and software package type GPES4.9, ECO Chemie, The Netherlands). 
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For a first test experiment, a copper/nantokite sample was immersed in a 1 wt% sodium 
sesquicarbonate solution.  The measuring time on synchrotron facilities was limited and the 
previous measurements (chapter 3) revealed that this corrosion product reacted within a few 
hours time.  The intention of this experiment was to follow the corrosion potential while 
taking XRD spectra.  Every 5 minutes the sample was moved from the electrochemical 
position to the surface characterization position, where it stayed 15 seconds.  Figure 4.7 
shows the resulting corrosion potential measurements in time. 
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Figure 4.7.  Ecorr measurements of a copper sample covered with nantokite in a 1 wt% sodium 
sesquicarbonate solution. 
Each time the sample moves to the surface characterization position, the Ecorr shows a sudden 
increase, which reveals that the Ecorr is obviously affected by the movement of the sample.  
Most likely the movement of the electrode disturbs the equilibrium of the system.  The 
diffusion layer in the fluid will be disturbed, thereby introducing fresh reagens (or remove 
reaction products).  It then takes some time to restore the system again.  The first 15 minutes, 
it is difficult to distinguish the behaviour of the Ecorr measurements as it would have been 
without the translation of the sample.  After 15 minutes, the corrosion potential seems to 
recover during the “electrochemical” periods.  Nevertheless, this experiment indicates that 
caution must be taken when interpreting Ecorr measurements performed under these 
conditions. 
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A second experiment involved the electrochemical reduction of nantokite by varying the 
potential linearly from open circuit potential (OCP) to -0.8 V (vs. MSE).  Figure 4.8 shows 
the related current-potential plot. 
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Figure 4.8. Linear reduction from OCP to -0.8 V vs. MSE. 
This plot shows a current fall each time the working electrode is in the electrochemical 
position, indicating a restricted access of the working electrode.  In this respect, these results 
show the need for translating the working electrode between the electrochemical and the 
surface characterisation position: in the electrochemical position X-ray spectra could not be 
obtained (fluid layer too thick) and in the surface characterisation position the electrochemical 
process is obviously affected.  The latter was also noticed in a third experiment which 
intended to repeat the first experiment (transformation of nantokite), but with the electrode 
left in the surface characterisation position during the entire experiment in order to avoid 
disturbance of the Ecorr measurement.  Figure 4.9 shows an image of the sample after 3 hours 
of immersion.  The edges have clearly reacted with the solution and the green nantokite is 
replaced by the orange colour of cuprite.  The middle of the sample on the other hand did not 
reacted, probably due to a restricted access of the solution. 
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5 mm
 
Figure 4.9. Optical image of the copper/nantokite sample after 3 
hours immersion in a 1 wt% sodium sesquicarbonate solution.  
The sample stayed in the surface characterization position. 
The combination of the cell engineering, control system and station interface worked very 
well.  The station systems were highly compatible with the cell operation and the 
experimental objectives.  The Ecorr measurements, on the other hand, are obviously affected 
by the movement of the sample.  Nevertheless, the translation of the working electrode is 
proved to be indispensable in the case of electrochemical processes involving the passage of a 
current through the system. 
 
4.1.3. Mar CCD image preprocessor (at ESRF station “XMaS”) 
In order to check for changes in preferential crystal orientation with time, a SR station with a 
2D camera was needed.  Therefore, experiments were also performed at XMaS (Station 
BM28, European Synchrotron Radiation Facility, Grenoble).  On this station, a beam with a 
wavelength of 1.5498 Ǻ and with dimensions 1 mm at 200 µm was used.  A 2D MAR CCD 
detector recorded the diffraction patterns.  However, FIT2D [Hammersley et al. 1996] could 
not be used for the data processing since the angle of the camera to the beam was typically 
45° (Figure 4.10), which was outside the FIT2D correction capability.  Under these 
conditions, the diffraction centre is usually outside the field of view of the camera, and the 
camera plane intersects the diffraction cones at an angle to produce elliptical ‘rings’.  
Therefore a new software program, EsaProject (© 2006 Mark Dowsett, EVA Surface 
Analysis), was developed by Mark Dowsett. 
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Figure 4.14.  Experiment geometry.  β is the angle of the camera axis to the beam, 2θ is the 
scattering angle and γ is the out of plane scattering angle [Dowsett pers. com.]. 
This Mar CCD image preprocessor facilitates reducing the 2-D images (or any selected part of 
them) to line spectra.  It does not make any changes to the *.mccd file itself.  It reads the 
*.mccd file and stores the intensity map as an 8 Mb array.  Using the input experimental 
parameters (camera angle, distance, pixel size etc.) it calculates and stores the pixel positions 
for a new map in which the diffraction “rings” are straight (Figure 4.11).  The new map is the 
same size as the original image, and several pixels from the image can fall on a particular 
pixel in the reprojected map.  These pixels are added together to preserve the overall intensity 
of the original.  The reprojected map can be integrated to make a line spectrum by adding 
pixels along a row to make a point in the spectrum (Figure 4.12).  To get the relative 
intensities in the peaks correct, each row is divided by the length of the elliptical arc it was 
produced from in the original image.  The main output from the programme is a comma 
delimited text file of a spectrum which can be loaded into Excel, Origin or the graph package 
of choice for further processing [Dowsett pers. com.]. 
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Figure 4.11.  Image from the Mar CCD camera and its reprojection using 
EsaProject (reprojected image has been rotated by 1.5 degrees to correct for 
camera misalignment) ( © 2006 Mark Dowsett, EVA Surface Analysis)). 
 
 
Figure 4.12.  Conversion of the reprojected image to a line spectrum  
(EsaProject ( © 2006 Mark Dowsett, EVA Surface Analysis)). 
The Mar CCD image preprocessor can handle any camera plane with its axis between 0 and 
68 degrees to the beam, and reproject the image into 2θ - γ space (where γ is the out-of-plane 
diffraction angle).  The rings are therefore reprojected into straight bars.  This makes 
integration of part of or the entire image to form a spectrum a straight-forward process.  
Further the peak intensity is corrected for the original length of the elliptical arc.  Other 
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benefits are that simple image rotation will correct for small amounts of axial misalignment in 
the camera [Dowsett pers. com.]. 
Experiments performed on the XMaS station using the new data processing software are 
described in “4.2 XRD experiments performed with the eCell” (experiment 4.2.2 and 4.2.3) 
and in chapter 5 (5.3 Copper covered with atacamite).  In the mean time, the OCP modulus of 
the integrated potentiostat was developed as well as the possibility to collect webcam images 
automatically at predefined nodes.  There were some minor synchronization problems 
between moving the working electrode and the camera timing, which could have been 
avoided by using a camera trigger pulse issued by the cell control software.  The 
electrochemistry (OCP measurements) and the webcam images, on the other hand, worked 
perfectly. 
 
 
4.2. XRD experiments 
This section describes the simultaneous analyses of Ecorr and SR-XRD on copper, copper-tin 
and copper-tin-lead substrates covered with nantokite as the previous experiments (chapter 3) 
indicated that especially these samples needed a more careful investigation during the first 
hours of immersion. 
 
4.2.1. In situ monitoring of the transformation of nantokite on a copper 
substrate 
This experiment was carried out using a 2-circle high-resolution powder diffractometer at 
station 2.3 [Cernik et al. 1990; Collins et al. 1992; MacLean et al. 2000; Tang et al. 2001] at 
the Synchrotron Radiation Source, Daresbury Laboratory.  A parallel monochromatic beam 
with a wavelength of 1.597866 Ǻ, calibrated against a high purity Si powder standard (NIST 
NBS SRM640c), was used to analyze the sample surface.  The incident beam angle, θ, at the 
cell surface was fixed at 10º and post-monochromator beam-defining slits were positioned 
such that an area at the sample surface of 2 mm2 was analyzed.  The diffracted beam was 
passed through a parallel foil collimating assembly to an enhanced dynamic range scintillation 
counter, both of which were mounted on the 2θ circle.  This arrangement gave a 2θ angular 
resolution of 0.065º.  The detector was scanned between 2θ values of 24 and 50º (step size of 
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0.02º, counting time 1 s).  Since each spectrum took 20-30 minutes to collect, raising and 
lowering the working electrode was not worthwhile at this stage, therefore the working 
electrode is kept in the surface characterisation position during the entire experiment.  
Simultaneously, electrochemical data were collected using a CHI1232 hand held 
electrochemical potentiostat (IJ Cambria Scientific Ltd, UK), which was connected to a 
laptop.  Copper samples covered with nantokite were prepared as described under ‘3.1.1.3.2. 
Corrosion protocols’. 
The Ecorr data, plotted as function of time (Figure 4.13), first undergo a strong increase during 
~25 minutes after which the value fluctuates slightly between -450 and -470 mV (versus 
MSE) during the next 105 minutes.  After a period of 130 minutes, they start to decrease.  The 
variation of the corrosion potential with time recorded in the in situ cell looks very similar to 
results obtained using a standard electrochemical cell (chapter 3), except that the first large 
increase is missing for this sample.  Most likely this can be attributed to time lost with the set 
up of the experiment, which at this stage of the cell development could take up to 10 minutes 
(later on this could be reduced to less than one minute). 
-650
-630
-610
-590
-570
-550
-530
-510
-490
-470
-450
0 30 60 90 120 150 180
time (minutes)
E c
or
r (
m
V
 v
s. 
M
SE
)
 
Figure 4.13.  Corrosion potential data recorded whilst the X-ray spectra were in progress.  The 
arrows show the time correlation between the X-ray spectra and Ecorr versus time plot. 
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The arrows across the bottom of the plot show the time correlation with the SR-XRD scans 
which lasted ~30 minutes each.  The SR-XRD scans are plotted in Figure 4.14.  The nantokite 
layer on top of the copper substrate was rather thin, implying that a large copper peak 
appeared in the spectrum.  There has been a decrease in the background level during the 
experiment corresponding to a decrease in the thickness of the fluid pocket, probably due to 
differential thermal expansion of the cell and the electrolyte.  Most of this effect occurs during 
the first spectrum and means that the initial decrease in the nantokite peak is underestimated, 
whilst the increase in the cuprite is overestimated.  However, as the thickness change is small 
during the rest of the experiment, and as the thickness was changing as the first spectrum 
progressed, we did not attempt to correct for this. 
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Figure 4.14.  Cascade plot showing the successive time-resolved spectra.  The background 
has been left in place (after [Dowsett and Adriaens 2006]). 
The behaviour of the peak surfaces as a function of time is shown in Figure 4.15.  The SR-
XRD results clearly show the disappearance of nantokite as a function of time.  In fact, after 
120 minutes of immersion, the nantokite signal has disappeared into the background noise due 
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to scattering in the fluid.  The cuprite signal, on the other hand, grows by more than a factor 
of 2.5 over this time, from a small level at the start of the experiment which may be due to the 
time lost with the set up of the experiment.  This is in agreement with the previous 
measurements in which the electrode was removed after 1 day of immersion and measured a 
few days later using SR-XRD (chapter 3).  According to the same measurements, 
paratacamite can also be formed.  Further investigation, however, is needed to detect whether 
the formation of paratacamite actually takes place after more than 3 hours of immersion or 
whether it is formed due to contact with the atmosphere when the sample is taken out of its 
solution.  Furthermore the formation mechanism of cuprite remains uncertain.  Several 
methods of cuprous oxide production are possible in the presence of chloride ions.  Direct 
chemical formation from the bare metal or cuprous chloride (like described by Oddy and 
Hughes [1970]) are possible reaction mechanism.  However, cuprite can also be formed 
through a precipitation reaction [Kear et al. 2004]: 
2 2 22 2 4CuCl OH Cu O H O Cl
− −+ → + + −  
0
1000
2000
3000
4000
5000
0 20 40 60 80 100 120 140 160 180 200
time (minutes)
pe
ak
 su
rf
ac
e 
(c
ou
nt
s)
copper (2.088 Å)
cuprite (2.465 Å)
nantokite (3.127 Å)
14000
16000
18000
20000
pe
ak
 su
rf
ac
e 
(c
ou
nt
s)
 
Figure 4.15.  Variation of the SR-XRD peak surfaces with time. 
In any case, when comparing the SR-XRD results with the Ecorr data, the hypothesis that a 
stable Ecorr means a stable surface does not seem to be supported.  A significant decrease in 
the amount of nantokite might be expected during the first 30 minutes since the corrosion 
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potential shows a large alteration.  In between 30 and 120 minutes of immersion the corrosion 
potential is more or less stable, implying, according to the hypothesis, no change in the 
surface composition.  The SR-XRD data, however, tell a different story in that nantokite 
continues to decrease for at least 120 minutes. 
The large decrease of the Ecorr in the beginning of the experiment is most likely due to the 
presence of nantokite.  Nantokite can be reduced in the same range of potentials where copper 
corrosion occurs.  Therefore, the conditions on the copper surface can be defined as dynamic 
equilibrium between formation, reduction and chemical dissolution of CuCl [Starosvetsky et 
al. 2006].  This implies that in the above described experiment, chloride ions are formed 
during the first decrease of the corrosion potential.  It is well accepted that copper rapidly 
dissolves in the presence of chlorides [Kear et al. 2004; Starosvetsky et al. 2006].  Further is 
also shown that the corrosion potential descends with higher chloride concentrations 
[Starosvetsky et al. 2006]. 
With time, chloride ions are released between the corroded metal and the bulk of the sodium 
sesquicarbonate solution and in this way, the chloride are washed out of the corrosion layer.  
Furthermore, cuprite is formed.  This cuprite can form a protective layer on top of the metal, 
which causes the corrosion potential to increase.  The two effects together (decrease because 
of chloride ions, increase because of cuprite formation) can result in a stable corrosion 
potential although the composition of the corrosion layer still changes.  This implies that 
caution must be taken by drawing conclusions on base of the Ecorr experiments. 
Nevertheless, a second remark must also be made with respect to the performed experiments: 
the fact remains that the X-ray data come from a restricted area of the surface, whilst the 
electrochemical data are averaged over the whole surface.  Different areas on the surface can 
have more (or less) nantokite in their corrosion layer than the surrounding material.  The time 
taken for the nantokite to disappear will then vary from place to place.  This is a feature of the 
experiments which needs to be addressed in future, for example by using a fast sampling 
station and integrating X-ray measurements from different regions of the surface [Dowsett 
and Adriaens 2006]. 
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4.2.2. In situ monitoring of the transformation of nantokite on copper alloy 
substrates 
The same experiment as described under 4.2.1. ‘Copper covered with nantokite’ was repeated 
for a copper-tin and the copper-tin-lead alloy covered with nantokite.  The same corrosion 
protocol was used as for the pure copper samples (‘3.1.1.3.2. Corrosion protocols’).  The in 
situ experiments were performed at the XMaS station on the ESRF site in Grenoble.  On this 
station, a beam with a wavelength of 1.5498 Ǻ and with dimensions 1 mm at 200 µm was 
used.  A 2D MAR CCD detector recorded the diffraction patterns (see also “4.1.3. Mar CCD 
image preprocessor (at ESRF station XMaS)”).  For these experiments, the working electrode 
was alternated between the electrochemical position, where it stayed 8 minutes, and the 
surface characterisation position, where it stayed 2 minutes. 
     
Figure 4.16.  Ecorr measurements of copper-tin samples covered with nantokite.  The black 
curve shows the in situ measurement performed in this beam time.  The grey curve shows a 
typical Ecorr behaviour measured in a conventional electrochemical cell.  The inset shows the 
SR-XRD images recorded after 1.5 and 51.5 minutes of treatment. 
The two alloys react in a similar way.  The corrosion potentials plotted as function of time 
resemble the typical behaviour of the first hour immersion (Figure 4.16 and Figure 4.17).  
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During the first hour, the corrosion potential shows a steep decrease which gradually proceeds 
to a stable value.  Afterwards a slow increase follows. 
By taking simultaneous SR-XRD and electrochemical data on copper-based electrodes in a 
sodium sesquicarbonate solution, the replacement of nantokite with the more benign cuprite 
could be observed in real time.  The presence of atacamite and/or paratacamite could not be 
confirmed after immersion, since the background level increased by measuring through the 
solution.  Smaller peaks therefore get lost in the background.  However, also here is shown 
that the hypothesis that the surface composition is stable when the corrosion potential 
measurements do not vary, needs to be treated with caution since different reactions can 
neutralize each other. 
-600
-580
-560
-540
-520
-500
-480
-460
-440
0 60 120 180 240 300 360
time (minutes)
E c
or
r (
m
V
 v
s M
SE
)
copper
copper
cuprite
cuprite
cassiterite
AFTER
copper
nantokite
nantokite
cassiterite
copper
copper
nantokite
nantokite
cassiterite
cassiterite
BEFORE
 
Figure 4.17.  Ecorr measurements of copper-tin-lead samples covered with nantokite.  The black 
curve shows the in situ measurement performed in this beam time.  The grey curve shows a 
typical Ecorr behaviour measured in a standard electrochemical cell (Chapter 3).  The inset shows 
the SR-XRD images recorded before and after the treatment. 
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4.3. XAS measurements 
By performing interleaved XRD and XAS measurements in the designed electrochemical cell, 
we would have two independent means of surface characterization, one of which is sensitive 
to the presence and evolution of amorphous surface compounds.  The optimal conditions 
required for surface XRD in the cell have been well characterized (see previous paragraphs), 
and are reasonably compatible with XAS in fluorescence mode.  The use of XAS is 
investigated by the eCell team (Department of Analytical Chemistry, Ghent University, 
Belgium and Department of Physics, University of Warwick, UK).  Since it was a new object 
for each of the team members, the whole project (devising and performing the experiments, 
processing of the data, interpretation of the results) was performed as teamwork. 
The DUBBLE station (station BM26A) at the European Synchrotron Radiation Facility 
(Grenoble) has the instrumentation to perform interleaved XAS measurements and XRD 
measurements.  Cu K-edge XAS spectra were recorded (8.979 keV).  A Si (1 1 1) double-
crystal monochromator was used to adjust the wavelength (energy) of the X-ray beam.  
Measurements were performed either in transmission or in the fluorescence mode.  Two 
Oxford Instrument Ion chambers were used for transmission experiments.  The fluorescence 
experiments were performed using a 9 element monolithic Ge detector.  Signal processing 
was performed by the XPRESS system developed at Daresbury Laboratory [Farrow et al. 
1995].  For the fluorescence measurements, the samples were placed with their normal under 
an angle of 10° relative to the incoming X-ray beam and the detector was mounted at 80° 
(with respect to the normal of the sample) and in a horizontal plane with respect to the X-ray 
source and the sample (Figure 4.18). 
Figure 4.18.  Experimental set-up for the XAS measurements. 
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First of all, powder samples were measured as reference material.  XAS measurements were 
performed in transmission mode on powder samples of CuCl (nantokite), Cu2O (cuprite) and 
Cu2Cl(OH)3 (atacamite) and in fluorescence mode on a uncorroded copper sample.  CuCl and 
Cu2O have been purchased from Sigma-Aldrich (Germany).  Cu2Cl(OH)3 was prepared by 
adding sodium carbonate (Fluka, Germany) dropwise (1 mL/min) to a stirred solution of 
CuCl2.2H2O (VWR International, USA) boiling at reflux. The resulting precipitate was used 
[after Krätschmer et al. 2002].  The powders were crushed to a very fine powder, mixed with 
grease (Apiezon M, M & I Materials Ltd., Manchester) and fixed between two Kapton sheets.  
Figure 4.19 shows the XAS spectra of the four materials.  The data were background 
corrected using a linear fit to the region between 150 eV and 30 eV below the edge, and 
normalized to a spline fitted between 10 eV and 500 eV above the edge.  Athena v. 8.05 
[Ravel and Newville 2005] was used to process the data.  They are clearly different for the 
different compounds, which implies that a good differentiation between the different 
corrosion products is possible. 
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Figure 4.19. Reference powder samples, measured in transmission. 
For the in situ experiments, the samples were immersed in a 1 wt% sodium sesquicarbonate 
solution and XAS measurements of the surface were performed through the solution.  
Successive scans of ~15 minutes each were recorded during several hours in order to see 
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transformation of CuCl, Cu2O or Cu2Cl(OH)3.  By performing these measurements, an 
unexpected feature came up: the copper edge grew with each successive measurement.  
Figure 4.20 shows, for example, the successive XAS spectra recorded on a copper sample 
covered with atacamite (Cu2Cl(OH)3).  The second measurement already shows an increase of 
77 % with respect to the copper edge of the first measurement.  This increase is less for the 
next 6 successive spectra (12 to 19 % with respect to the previous measurement), however, 
from the 9th spectrum on, the increase between the different spectra becomes larger again: the 
copper edge of spectrum 10, for example, is 142 % higher than the copper edge of spectrum 9. 
The same behaviour is also seen for the other corroded samples when immersed in solution, 
although the relative increase clearly depends on the corrosion product.  Table 4.1 shows the 
relative grow of the 7th measurement (with respect to the copper edge of the first 
measurement) for different corroded samples as well as the increase relative to the copper 
edge of the previous measurement. 
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Figure 4.20.  Successive XAS spectra of an atacamite (Cu2Cl(OH)3) sample with a thin fluid 
layer (+- 175 micrometer) in front. 
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Table 4.1.  Relative grow of the successive XAS measurements. 
 
relative growth of the 7th 
measurement (1.5 hour) with 
respect to the copper edge of the 
1st measurement 
relative growth with respect to the 
copper edge of the previous 
measurement (average over the 
first 7 measurements) 
dry atacamite 12 % (random) 0% 
copper 35 % 5 % 
cuprite 81 % 10 % 
nantokite 117 % 14 % 
wet 
atacamite 266 % 26 % 
 
These data show that the increase of the XAS signal for successive measurements is the 
smallest for copper and that the increase grows in the order: copper < cuprite < nantokite < 
atacamite.  The increase in signal is not observed for dry samples (i.e. not in solution).  There 
is a certain variation in the intensity of successive measurements; however, there is no 
significant trend as a function of time (i.e. random variation) (Table 4.1).  The latter seems to 
indicate that XAS spectra from corroded electrodes in the cell under electrolyte are influenced 
by the electrolyte itself.  The start solution of these experiments only contained sodium 
carbonate and sodium hydrogen carbonate; therefore we do not expect an effect of the 
electrolyte solution on the copper signal.  However, during the experiment, copper corrosion 
products went into the solution (as microcrystals or as (complexed) ions).  These copper 
containing compounds exhibit their own XAS pattern.  This implies that the XAS spectra 
collected from electrodes in a solution are composed of at least two components: the XAS 
spectrum of the solid electrode and the XAS spectrum of the solution.  As the experiments 
proceeded, more and more copper particles went into the solution, which results in a growing 
contribution of the solution to the total spectrum.  This would explain the gradual increase in 
intensity of the XAS signal. 
This hypothesis also seems to be reinforced by the webcam images recorded on the atacamite 
sample (Figure 4.21).  In the beginning of the immersion, part of the corrosion layer fell off to 
the bottom of the cell.  With time, these pieces started to disappear in the fluid.  Especially 
after 105 minutes the blue colour spread over the fluid quite quickly, which coincidences with 
the start of the enlarged jumps of the XAS intensity (experiment 8 and following). 
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Figure 4.21.  Successive webcam images of an atacamite (Cu2Cl(OH)3) sample with a thin 
fluid layer in front. 
In order to clarify these observations, some preliminary experiments were carried out. 
First of all, the fluid after treatment of a copper sample covered with atacamite (Cu2Cl(OH)3) 
was collected.  The solution was placed in a little Kapton cell (~5 mm thick) and an XAS 
measurement was performed in fluorescence mode.  A clear copper edge was visible (Figure 
4.22), which evidences that the solution indeed generates a XAS signal. 
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Figure 4.22.  XAS spectrum of the atacamite solution compared with the spectrum of Cu2Cl(OH)3 
reference powder. 
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This copper edge can be due to the presence of (complex) ions and/or suspended crystallites.  
For the first hypothesis (complex ions), the explanation of the increasing signals is rather 
straight forward: with time the corrosion layer dissolves more and more.  An important 
objection for this hypothesis is that there is apparently no structural change in the XAS signal 
of the solid material on the surface, and the signal from the solution.  This favours the second 
hypothesis (suspended crystallites).  Using this hypothesis, also the sudden jump in the 
increase of the XAS signal of the atacamite sample (Figure 4.20) could be explained.  In time 
the part of the corrosion that fell into the solution fragments or starts to dissolve into the 
solution.  After some critical time, these particles are reduced sufficiently in size to become 
colloidal particles which are then dispersed in the fluid rather rapidly, leading to the observed 
behaviour in successive spectra.  However, this would imply that, over time, at least part of 
the microparticles should dissolve into the solution.  As a result, the EXAFS modulation 
should decrease after a while or a structural change should appear.  To test this, a prolonged 
experiment should be performed. 
In addition, preliminary tests were performed on the Kapton and the low density polyethylene 
windows which indicate that copper compounds are adsorbed on their surface during the 
measurement.  Figure 4.27 shows for example XAS spectra of a fresh Kapton window and 
after several hours holding a 0.005 M CuCl2 solution.  These adsorbed species will also 
contribute to the XAS signal detected. 
More experiments have to be performed to reveal the actual contribution of each of the 
components (sample – fluid – window) to the final XAS signal.  Until now, the X-ray 
dimensions and the detector distance were adjusted for each individual experiment (except for 
the series of experiments as the one presented in Figure 4.20 and Table 4.1) in order to obtain 
the best signal from the sample.  This was needed at that moment in order to be able to 
compare the XAS oscillations of each of the contributors.  However, in order to compare the 
importance of each of the contributors a series of experiments (solid, solution and window – 
solid – solution – window) should be performed under the same experimental conditions.  
Furthermore it could be interesting to perform a series of experiments in time (cfr. Figure 
4.20) with elimination of one of the contributions.  For example, by the use of a flow cell 
where the solution is continuously refreshed, the influence of species in the solution could be 
minimized.  The influence of the window on the other hand could be checked if the XAS 
configuration could be changed to be able to use the cell filled with fluid with no window on 
top. 
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Figure 4.23.  XAS spectra of a fresh Kapton window before use and a Kapton window after 
use (3 times rinsed with deionised water). 
On basis of these results, further experiments need to be developed to reveal the actual cause 
of the increasing intensities of the XAS signal. 
1) When the solid sample has the major contribution, explanations like surface enhancement 
or enrichment have to be checked. 
2) In the case of a large contribution of the fluid signal, it would be interesting to investigate 
in more detail to which extent microcrystals or complexed ions are responsible for the signal.  
The preliminary results seem to indicate that microcrystals are responsible, however, than we 
would expect the XAS signal to decrease again after some time due to the continued 
dissolving of the microcrystals (or alternatively the XAS oscillations may change when 
starting to measure dissolved species in stead of microcrystals). 
3) Contributions of the window have to be avoided as much as possible.  Therefore other 
window materials may have to be considered. 
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4.4. Conclusions 
A new electrochemical cell is evaluated which is engineered so as to permit X-rays from a 
synchrotron beamline to be scattered or absorbed by the surface of a sample whilst 
electrochemical reactions are taking place.  Some of the first data from a new electrochemical 
cell for in situ analysis has been presented here.  The cell is intended for use with rough, 
heterogeneous metal surfaces, either fragments of real artefacts (where these can be used) or 
close simulants.  Based on the data from electrochemical and SR-XRD measurements, we 
confirmed that the in situ spectroelectrochemical cell works well for both electrochemical and 
SR-XRD measurements on artificially corroded copper electrodes.  Moreover, the 
development of an integrated system (automatic translation of the working electrode – 
potentiostat – webcam – trigger to other software) allowed a very precise correlation between 
the different components of the experiments. 
By taking simultaneous SR-XRD and electrochemical data on copper electrodes in a sodium 
sesquicarbonate solution, we have observed the replacement of nantokite with the more 
benign cuprite in real time, although the reaction mechanism is still uncertain.  Further is 
shown that the hypothesis that the surface composition is stable when the corrosion potential 
measurements do not vary, needs to be treated with caution since different reactions can 
neutralize each other. 
The application of the electrochemical cell designed for XRD measurement is extended to 
XAS.  Preliminary experiments performed in this respect, indicate that the XAS spectra are 
influenced by the electrolyte solution.  Further investigation of this aspect, however, is 
needed.  If it is demonstrated that the XAS data are predominantly influenced by the 
electrolyte, one will have an unique opportunity to record microcrystals and/or ions in 
solution at the same time as process related changes in surface structure by perform interleaved 
XRD and XAS measurements.  Otherwise, it gives two independent means of surface 
characterization, one of which is sensitive to the presence and evolution of amorphous surface 
compounds. 
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Electrolytic stabilization by 
applying a weak potential 
 
Stabilization in sodium sesquicarbonate solutions (as discussed in the previous chapters) may 
take months up to years to finish [Plenderleith 1956; Organ 1977; North 1987; Hamilton 
1998].  In their work, Païn et al. [1991] and later also Lamy [1997] and Bertholon et al. 
[1997], investigated a variation to the above-mentioned treatment in order to increase the 
extraction rate of chlorides, thereby reducing the treatment time of an object.  The essence of 
the method involves setting up an electrochemical cell with the artefact as the cathode in a 
sodium sesquicarbonate solution, and applying a small potential.  The method is referred to as 
electrolytic treatment with weak polarization or as electrolysis under low overvoltage.  The 
authors showed that the extraction of chlorides increases significantly, leading to a reduction 
of the treatment time of a factor of three.  These authors did not observe any change of the 
surface appearance of the objects, compared to the unpolarized case. 
However, this is not always the case: Ehanti [2005] for instance reported on the stabilization 
of 16th century cupreous cauldrons using electrolytic polarisation in a 1 wt% sodium 
sesquicarbonate solution.  During the treatment various changes of the surface appearance 
were observed in the form of white and blue-violet patches on the patina. 
In this work, the effect of the treatment on the surface is examined in detail using electron 
microscopy and in situ time resolved SR-XRD to monitor the chemical surface composition 
during treatment with a potential of -0.75 V [Bertholon et al. 1997; Lamy 1997].  This implies 
that cuprite (reduced at -1.25 V), chalcocite (-1.45 V) and brochantite (-1.25 V) should not be 
affected by this potential, while nantokite (-0.5 V), atacamite (-0.7 V) and paratacamite (-
0.5 V) should be reduced.  For this reason, and since the treatment focuses on the removal of 
chloride containing corrosion products, only these last three corrosion products are considered 
here. 
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5.1. Experimental set-up 
The study consisted of three experiments which, taken together, provided information on the 
progress and effect of the treatment. 
In each experiment a copper sample, artificially corroded with either nantokite, atacamite or a 
mixture of atacamite and paratacamite, was immersed into a 1 wt% sodium sesquicarbonate 
solution, which was prepared by dissolving 11.89 g Na2CO3.NaHCO3.2H2O (Sigma, USA) in 
1 L deionised water (pH=10).  A potential of - 0.75 V vs MSE was applied to the sample 
using either an Autolab PGSTAT10 (ECO Chemie, The Netherlands) or a handheld 
potentiostat (Palm Instruments NV, The Netherlands) (in the case of in situ time resolved SR-
XRD measurements). 
All three experiments used chronoamperometry (i.e. measurement of the current as a function 
of time) to monitor the progress of the treatment.  Once the current drops to zero, it is 
assumed that the reduction reaction has ceased. 
 
5.1.1. Chloride detection and optical microscopy 
In the first experiment, the potential was turned to zero at regular time intervals and the 
chloride concentration in solution was measured using an ion selective electrode sensitive to 
chloride ions (ISE/HS25Cl, Radiometer Analytical, France).  Images of the surface were also 
taken at that moment using an optical microscope (Nikon SMZ 800 microscope with a P-
IBSS Single Port Beamsplitter) together with a digital camera (Canon Powershot A75).  In 
this way, the surface could be analyzed with magnifications up to 80 times.  The camera could 
be connected to a computer and with the software Zoombrowser Ex (Canon, Japan) images 
could be saved automatically. 
A conventional electrochemical cell was used for these experiments, similar to the one 
described in chapter 3.  However, in order to follow the effect of electrolytic stabilization 
using light microscopy, small adaptations were performed (Figure 5.1).  In the middle of the 
cell, an additional holder was inserted for mounting the working electrode up-side down so 
that the surface would face up.  Also the working electrode was adapted to a design which has 
an insulated copper wire as electric connection to the potentiostat (cfr. the working electrodes 
used for the first version of the eCell, chapter 4.1.1 Cell design).  The samples were corroded 
artificially according to the protocols described in “3.1.1.3.2. Corrosion protocols” to obtain a 
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nantokite, atacamite and atacamite/paratacamite surface.  Further, a flea and a magnetic stirrer 
were used to homogenize the chloride concentration in the solution. 
sample surface
additional hole for the light microscope
additional holder for
mounting the work
electrode
stirring bar
electrolyte
magnetic stirrer
camera
light
microcope
Figure 5.1.  Experimental set-up for the simultaneously monitoring of surface changes with a 
light microscope (not to scale).  The inset shows a drawing of the adapted cell in more detail 
(after [Van Gasse 2006]). 
 
5.1.2. SEM-EDX 
In the second experiment, cross sections of the samples were examined using SEM-EDX in 
order to obtain information about the morphological features and chemical composition of the 
corrosion layer before and after treatment.  The SEM-EDX analyses were performed on a FEI 
Quanta 200F (Philips, The Netherlands) at 12.5 kV acceleration voltage.  EDX analyses were 
performed by an EDAX Genesis 4000 energy-dispersive X-ray spectrometer (EDAX, USA).  
ZAF corrections have been applied for the quantification of the element composition.  Some 
samples had to be coated with a conducting gold layer as the insulating epoxy resin charged 
up under the electron beam. 
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5.1.3. SR-XRD 
In the third experiment synchrotron radiation X-ray diffraction (SR-XRD) was used 
simultaneously with the chronoamperometry.  One or two dimensional diffraction images of 
the surface were taken at regular intervals (every 2.5 to 10 minutes).  These provide 
information about the chemical composition of the surface.  The difference from the first 
experiment is that the treatment is not interrupted; i.e. the SR-XRD data are taken while the 
potential is applied to the sample.  A specialized electrochemical cell compatible with 
synchrotron radiation XRD is used.  A detailed description of this cell is given in chapter 4 
(4.1.3. Optimization: integrated system). 
The SR-XRD experiments have been performed on different beamlines, more specifically 
SRS station 6.2 (Daresbury, UK) and ESRF stations DUBBLE (BM26A) and XMaS 
(BM28A) (Grenoble, France).  The description of the first and the last station has been given 
in the previous chapter (4.1 Development of the eCell). 
Beamline A of the DUBBLE station (station BM26A at the European Synchrotron Radiation 
Facility, Grenoble) is basically a XAS station and the main experiments performed here 
concerned how XAS measurements could provide additional information to our research 
question (discussed in section 4.3 “XAS measurements”).  However, an XRD detector was 
available as well.  For the SR-XRD measurements a monochromatic beam (beam dimensions: 
1 mm at 200 µm) with a wavelength of 1.4 Ǻ was used to analyze the sample surface.  The 
diffraction patterns were acquired using a position sensitive INEL CPS 590 detector (angular 
area of detection: 90° 2θ).  Exposure times between 30 and 90 seconds were used.  A pure 
copper sample was used for the 2θ calibration of the detector. 
 
 
5.2. Copper covered with nantokite 
Electrolytic treatment with weak polarization is based on the selective reduction of a specific 
corrosion product and subsequently on the removal of chlorides or other aggressive species.  
The first part of the progress can be monitored by measuring the current as a function of time 
while applying the potential, while the second part can be followed by recording the chloride 
concentration of the solution.  Figure 5.2 shows the measured current density and the chloride 
concentration in solution as a function of time for a sample corroded with nantokite. 
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Figure 5.2.  Variation of the current (curve, left y-axis) and the chloride concentration 
(symbols, right y-axis) with time during an electrolytic reduction treatment of a nantokite 
sample.  The electrolyte solution is refreshed after 60 minutes. 
 
The current shows a rapid decrease the first 10 minutes and has reduced by 99 % after 20 
minutes.  The end of the treatment at this point is confirmed by the chloride concentration 
which remains stable as of the third measurement (15 minutes).  After 60 minutes of 
treatment, the sample is immersed in a fresh sodium sesquicarbonate solution to reveal 
whether all chloride was removed from the sample.  In the fresh solution, the chloride 
concentration felt below the detection limit and stayed there.  The optical images, taken 
during the same interval as the chloride concentration measurements, are shown in Figure 5.3 
and confirm the above data: within 10 minutes the grey-green colour of nantokite is converted 
into the brown-orange colour typical of cuprite. 
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Figure 5.3.  Set of optical images of the copper/nantokite 
sample taken after (a) 0 minutes, (b) 5 minutes, (c) 10 minutes, 
(d) 15 minutes, (e) 30 minutes and (f) 90 minutes of treatment. 
Secondary electron images of a cross section of the sample before and after treatment (Figure 
5.4) show a clear reduction in the thickness of the corrosion layer.  Before the treatment, the 
corrosion layer shows a more or less uniform thickness of 25 µm, while after the treatment, 
the thickness varies from 2 to 10 µm.  EDX analyses reveal that only a small amount of 
chlorine is left after treatment (Figure 5.5).  The main composition of the corrosion layer now 
consists of copper and oxygen. 
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Figure 5.4.  Secondary electron images of the cross section of the copper/nantokite sample: 
(a) before and (b) after 180 minutes of treatment (remark: both images have a different 
scale). 
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Figure 5.5.  EDX spectra of the corrosion layer (a) before and (b) after 180 minutes of 
treatment. 
In situ SR-XRD experiments were performed at SRS station 6.2.  The results together with 
the simultaneously acquired chronoamperometry data are shown in Figure 5.6 (left axis).  The 
first 2.5 minutes of immersion the sample was positioned in the surface characterization 
position.  Because of the limited amount of fluid on top of the surface, the current is 
approximately zero.  The main reduction of the surface only started when the sample was 
moved to the electrochemical position (after 2.5 minutes).  This is shown by a sudden increase 
in current.  In accordance with the experiments discussed earlier, the reduction reaction seems 
to be finished after 10 minutes, when the current density falls back to zero. 
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Figure 5.6.  Variation of the SR-XRD peak surfaces with time (symbols, left axis) and 
corresponding chronoamperometric curve (curve, right axis) of copper covered with 
nantokite. 
Every 10 minutes an SR-XRD spectrum was recorded, showing the presence of copper, 
cuprite and nantokite (not shown).  For each corrosion product a single characteristic peak 
was selected and their peak surfaces have been plotted as function of time in Figure 5.6.  As 
could be expected on basis of the electrochemical data, the nantokite peak shows a large 
decrease within the first 10 minutes after immersion.  Afterwards, the signal keeps on slowly 
decreasing until after 30 minutes it disappears in the noise level.  The increase of the copper 
peak can be explained by the decrease of the corrosion thickness, which results in the more 
efficient detection of the copper substrate.  The figure also shows the absence of cuprite at the 
start of the immersion and its formation during the treatment. 
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5.3. Copper covered with atacamite 
Figure 5.7 shows that the atacamite sample has reached a maximum chloride extraction after 
25 minutes.  The current density, however, indicates that the reaction has not finished.  This is  
confirmed by the set of optical images taken over the same time intervals (Figure 5.8), which 
demonstrate that at 25 minutes after the start of the treatment the blue-green colour of 
atacamite is still present on the sample, although a red-brown layer seems to be forming 
underneath.  At 60 minutes after the start of the treatment, the sample is immersed in a fresh 
sesquicarbonate solution.  At this point it has become clear that the atacamite is attached very 
loosely to the metal as part of it actually falls off.  The chloride concentration in the new 
solution is below the detection limit and stays there in spite of the fact that the amount of 
atacamite on the sample decreases further as a function of time. 
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Figure 5.7.  Variation of the current (curve, left y-axis) and the chloride concentration 
(symbols, right y-axis) with time during an electrolytic reduction treatment of an atacamite 
sample.  The electrolyte solution is refreshed after 60 minutes. 
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Figure 5.8.  Set of optical images of the copper/atacamite sample taken after (a) 0 minutes, (b) 
5 minutes, (c) 30 minutes, (d) 60 minutes, (e) 60 minutes after sample changed to a fresh 
sesquicarbonate solution and (f) 105 minutes of treatment. 
Before the treatment, the cross section of the copper sample covered with atacamite shows a 
uniform corrosion layer of ~130 micrometer thick (Figure 5.9a).  The EDX analyses indicate 
that the corrosion layer consists of copper, chlorine and oxygen (Figure 5.10a).  After the 
treatment, the corrosion layer appeared to be crumbled into pieces of less than 5 micrometer 
in size (Figure 5.9b).  The EDX results show the removal of chlorine (Figure 5.10b), while 
copper and oxygen remain present in the corrosion layer. 
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Figure 5.9.  Cross sections of copper samples covered with atacamite, recorded (a) before and 
(b) after treatment (different scales). 
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Figure 5.10.  EDX spectrum of the corrosion layer of a copper sample covered with atacamite, 
(a) before and (b) after treatment.  The relative concentrations are given on the right. 
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Figure 5.11 shows a small set from the SR-XRD image sequence for the atacamite sample, 
processed with EsaProject ( © 2006 Mark Dowsett, EVA Surface 
n product a characteristic peak was selected and the corresponding peak 
collected at the ESRF station “XMaS”.  The images show the changes in the electrode 
diffraction pattern as various reactions were driven.  Elapsed time from wetting is shown 
along the top.  The sequence already shows the loss of atacamite and the increase of copper 
and cuprite. 
 
Figure 5.11.  Reflection SR-XRD images from the Mar CCD camera on XMaS of copper 
covered with atacamite. 
These data were further 
Analysis), which re-maps the images into a 2θ - γ space, where 2θ is the total scattering angle 
and γ is the out of plane scattering angle.  In this map the elliptical rings are straight bars and 
all or part of the image is easy to integrate to form a spectrum (count intensity in function of 
2θ).  EsaProject keeps track of the number of pixels from the original image accumulated into 
any row of the reprojected map (effectively the length of the elliptical arcs comprising the 
rings), so that the peaks in the spectrum are properly normalized against the active detector 
area in that ring. 
For each corrosio
surfaces are plotted as function of time in Figure 5.12.  The atacamite slowly descends during 
the first 54 minutes, while the copper peak slowly grows as the thickness of the overlayer 
reduces.  Cuprite can be discerned from about 30 min onwards.  After 54 minutes, there is a 
significant decrease of the atacamite signal with at the same moment a significant increase in 
the intensity the copper and the cuprite peak.  The corresponding reduction curve shows a 
significant decrease in current at this point (Figure 5.12).  This indicates that the chlorides 
become detached from the surface after 54 minutes. 
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Figure 5.12.  Variation of the SR-XRD peak surfaces with time and corresponding 
chronoamperometric reduction curve of copper covered with atacamite.  The reduction curve is 
interrupted as a result of the translation of the sample from the electrochemical to the surface 
characterization position. 
It is clear from the data above, and from visual observation that the chlorides become 
detached from the surface and dissolve rather than being converted to cuprite.  In the interface 
region, on the other hand, a cuprite layer is formed which is much thinner than the original 
corrosion – hence the increase in copper signal in the diffraction patterns.  There may also be 
some copper regrowth, although this is not yet certain. 
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5.4. Copper covered with a mixture of atacamite and 
paratacamite 
Figure 5.13 shows the chronoamperometric curve of the copper sample covered with a 
mixture of atacamite and paratacamite with the parallel recorded variation of the chloride 
concentration.  The current shows a rapid decrease the first 10 minutes and has reduced by 
99 % after 70 minutes.  The chloride concentration, on the other hand, already remains stable 
as of the sixth measurement (40 minutes).  After 65 minutes the solution was refreshed.  
Afterward, the chloride concentration stayed below the detection limits of the ion-selective 
electrode. 
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Figure 5.13.  Variation of the current (curve, left y-axis) and the chloride concentration 
(symbols, right y-axis) with time during an electrolytic reduction treatment of a copper 
sample covered with a mixture of atacamite and paratacamite.  After 65 minutes the 
electrolyte solution has been refreshed. 
The parallel recorded optical images (Figure 5.14) show the largest surface changes in the 
first 5 minutes of immersion and upon refreshing the electrolyte solution.  As for the 
atacamite sample, a red-brown layer seems to be growing underneath the green corrosion 
layer, which causes a loosening of the latter layer. 
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Figure 5.14.  Optical images of a copper sample covered with a 
mixture of atacamite and paratacamite during the treatment. 
Figure 5.15 shows the SE images of copper covered with a mixture of atacamite and 
paratacamite before and after the treatment.  The corrosion layer seems ~25 micrometer thick 
(Figure 5.15a).  After the treatment, it is very difficult to observe the corrosion layer in the 
cross section (Figure 5.15b).  Similar to the atacamite samples, also here the corrosion layer is 
crumbled and mostly spread into the resin.  The EDX results show that there is almost no 
chloride left in the corrosion layer (Figure 5.16).  The balance between the amount of copper 
and the amount of oxygen indicates that the newly formed product may be cuprite. 
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Figure 5.15.  Cross section of copper samples covered with a mixture of atacamite and 
paratacamite: (a) before treatment and (b) after treatment (different scales). 
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Figure 5.16.  EDX spectra of the corrosion layer of a copper sample covered with a mixture of 
atacamite and paratacamite, (a) before and (b) after treatment.  The relative concentrations are 
given on the right. 
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Molecular information on the reactions taking place on corroded copper samples were 
obtained by performing simultaneously chronoamperometry and SR-XRD at ESRF station 
“DUBBLE”.  Figure 5.17 shows the chronoamperometry data.  The largest reduction currents 
are measured during the first 10 minutes of the treatment.  Thereafter, only a small and 
decreasing current flows through the system until the current stabilises after 500 minutes. 
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Figure 5.17.  Amperometric reduction curve of copper covered with a mixture of atacamite and 
paratacamite (applied potential -0.75 V vs. MSE).  The inset shows a detail of the low current 
range. 
Every 5 minutes, a SR-XRD spectrum was recorded.  The main diffraction lines of atacamite 
and paratacamite are closely interspaced.  It is therefore not possible to distinguish them in the 
measurements performed on the DUBBLE station.  Further copper and cuprite peaks are 
present, respectively appear, during the treatment.  For each corrosion product, a single 
characteristic peak was selected.  In Figure 5.18, the surfaces of these peaks are plotted as a 
function of time.  The surface of the atacamite/paratacamite peak keeps on descending during 
the whole treatment.  However, especially after 400 minutes, a strong decrease of the peak 
surface can be seen.  The copper peaks hardly increase during the treatment.  The cuprite 
peak, on the other hand, increases throughout the whole period.  As was the case for the 
atacamite sample, the strong decrease of the atacamite/paratacamite peak coincidence with an 
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increase of the copper and the cuprite peak.  Also in this case, this behaviour is probably 
caused by the corrosion layer detaching from the sample and in this way revealing the 
underlying layers.  The lower increase in the copper peak is most likely due to the fact that it 
took longer before the atacamite/paratacamite layer got deattached for the sample.  In this way 
the cuprite layer could grow thicker, which masks the copper substrate. 
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Figure 5.18.  Variation of the SR-XRD peak surfaces with time of copper covered with a mixture 
of atacamite and paratacamite. 
 
 
5.5. Conclusions 
A complimentary set of electrochemical, microscopy and synchrotron X-ray techniques has 
been used to examine the effects of electrolytic treatment with weak polarization on corroded 
copper artefacts, where chlorides form a substantial part of the corrosion.  SR-XRD results 
show the removal of the chlorides and the development of a cuprite layer over time.  These 
data, together with SEM cross sections show that the chloride is replaced by a much thinner 
cuprite layer, and that chlorine is lost to the solution.  The overall effect is that the corrosion 
becomes detached from the surface before dissolving, and cuprite forms at the original 
interface. 
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 Chapter 6 
 
Summary and conclusions 
 
This work is composed out of three large parts, which will be discussed one the after the 
other.  It started from the research question whether corrosion potential measurements can be 
used as an early warning system to monitor the behaviour of cupreous artefacts during their 
stabilisation treatments.  Archaeological copper-based artefacts recovered from wet saline 
environments are usually stabilised in a sodium sesquicarbonate solution, as they undergo an 
accelerated corrosion when kept in oxygen rich air.  Nevertheless, various examples in the 
past have shown that the surface composition of the artefacts may change during the 
treatment, often leading to the development of active corrosion.  As a result, continuous 
monitoring of the system remains essential.  Usually this is done by measuring the chloride 
level in the solution at regular time intervals.  The latter, however, only provides information 
on the effectiveness of the chloride removal and it does not provide information of the actual 
changes on the metal surface.  In this respect corrosion potential measurements can provide 
useful additional information on the stabilization process.  The corrosion potential is 
determined by the type of solution, the metal composition and the corrosion layer, which 
implies that a stable corrosion potential should reflect a stable surface composition.  A change 
of the corrosion potential, on the other hand, could indicate a transformation of the natural 
patina or the development of active corrosion. 
In order to investigate this hypothesis, commercially available copper and copper alloys were 
corroded artificially to obtain various single patinas.  The most common corrosion products 
were generated, including cuprite (Cu2O), nantokite (CuCl), atacamite (Cu2Cl(OH)3), 
paratacamite (Cu2Cl(OH)3), chalcocite (Cu2S) and brochantite (Cu4(SO4)(OH)6).  These 
(corroded) samples were treated in a 1 wt% sodium sesquicarbonate solution, while Ecorr 
measurements were recorded as a function of time.  At different stages of the immersion, the 
treatment was stopped and the effect of the treatment on the corrosion products was 
qualitatively checked by analyzing the surface composition using synchrotron radiation X-ray 
diffraction (SR-XRD).  These results showed that the behaviour of the corrosion potential as a 
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function of time was clearly different for the various corrosion products examined, while the 
influence of the substrate seemed less important, althought the latter did have an influence on 
the absolute value of the corrosion potential.  In general, this hypothesis seems to be fulfilled; 
the corrosion potentials of the uncorroded samples and the samples covered with cuprite are 
for example stable and so is the qualitative surface composition.  Voltammograms recorded 
on copper covered with cuprite however indicated that the thickness of the cuprite layer may 
change without influence on the corrosion potential.  This indicates that corrosion potential 
data can not reveal all changes taking place on the surface.  The changes taking place on the 
samples covered with chloride compounds on the hand seemed very well reflected in the 
corrosion potential behaviour.  The first decrease of the corrosion potential seems to 
coincidence with the reaction of the copper chlorides, while the corrosion potential evolves to 
the corrosion potential of the samples covered with cuprite as more cuprite is formed.  After 
some days, the formation of malachite is indicated by an increase of the corrosion potential. 
However, to confirm the interpretation of these results a more profound investigation was 
needed in which the corrosion potential behaviour and the surface behaviour could be checked 
at the same time (in situ).  For this purpose an in situ electrochemical cell was indispensable.  
Furthermore this way of working also avoided the sample being removed from the solution as 
the surface composition is likely to change when exposed to air.  As a rule, the use of existing 
in situ cells has been concentrated on surfaces which are ideal in some way, e.g. thin layers 
suspended on an X-ray transparent membrane, layers which were thin or atomically flat or 
both, or single crystals.  Therefore a new in situ cell had to be designed.  Prof M. Dowsett 
(University of Warwick, UK) offered his support by designing the cell and the related hard- 
and software in consultation with our department.  The new electrochemical system consisted 
of a laptop based data and control system which interfaced with a custom potentiostat with 
interleaved stepper motor control for the piston and window adjustments, and provision for 
the direct triggering of fast X-ray measurements.  The same system could also make a visual 
record of the sample surface using a webcam.  This system made it possible to control the 
translation of the sample from the electrochemical position to the surface characterization 
position from outside the experimental hutch (where the sample is exposed to the X-rays).  
Further it provided the opportunity to adjust the different parts of an experiment (translation 
of the sample, electrochemical experiment, X-ray experiment) to each other. 
The first experiments revealed that the corrosion potential was affected by the movement of 
the sample.  Most likely the movement of the electrodes disturbed the equilibrium of the 
system.  The diffusion layer in the fluid will be disturbed, thereby introducing fresh reagents 
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(or remove reaction products).  It takes some time to restore the system again.  By taking 
simultaneous SR-XRD and electrochemical data on copper electrodes in a sodium 
sesquicarbonate solution, we observed the replacement of nantokite with the more benign 
cuprite in real time.  However, the first idea that all nantokite disappeared during the first 
large decrease of the corrosion potential had to be reconsidered.  These experiments showed 
that the nantokite remained on the surface during the subsequent increase and even while the 
corrosion potential became stable, still nantokite could be found on the samples.  This showed 
again that the hypothesis “the surface composition is stable when the corrosion potential 
measurements do not vary”, needs to be treated with caution since different reactions can 
neutralize each other.  Nevertheless, the corrosion potential starts to evolve to the corrosion 
potential of copper covered with cuprite as soon as all the nantokite disappeared from the 
sample, which reinforces that the corrosion potential indeed depends on the surface 
composition.  These results indicate that corrosion potential measurements can be used for 
single layers of nantokite and it also indicates the formation of cuprite and malachite for 
samples covered with atacamite and atacamite and paratacamite.  However, before concluding 
whether corrosion potential measurements can be used as early warning system, more 
investigation is needed.  Experiments performed on the copper alloys already indicated that 
the situation becomes more complicated by the presence and formation of more corrosion 
products which influence on the corrosion potential is not always clear.  Further quantitative 
differences in the corrosion layers seem not to be reflected in the behaviour of the corrosion 
potential.  Furthermore, this study should be extended to multilayer systems as real artefacts 
are commonly covered with a stratigraphy of different corrosion products, which are all 
affected separately by the solution used. 
The accent of this work shifted to establishing the use of the in situ cell for providing more 
information on reactions taking place in a solution.  XRD experiments only reveal the 
presence of crystalline corrosion products.  In order to investigate the presence of possible 
amorphous intermediates in the reaction of the corrosion products in the sodium 
sesquicarbonate solution, the application of the in situ electrochemical cell was extended to 
simultaneous X-ray absorption (XAS) experiments.  Preliminary experiments performed in 
this respect, however, showed an unexpected increase of the signal in time which was not 
observed for dry samples.  This strongly indicated that the XAS spectra were influenced by 
the electrolyte solution.  Several tests were performed to investigate this phenomenon.  For 
the moment we revealed that the solution as well as the cell window exhibits a copper edge 
after a few hours of experiment.  The fine structures of these spectra indicate that they are 
caused by microparticles in the solution rather than by dissolved species.  However, this 
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should be tested more carefully as this would imply a change of the spectra after some time as 
the microparticles slowly dissolve into the solution.  Therefore a XAS spectrum of the 
solution should be recorded again after a longer period to reveal possible changes in the 
spectrum.  Furthermore the contribution of each of the participants (solid, solution, window) 
to the final XAS signal should be investigated.  For example, by stirring the solution or by 
using a flow cell where the solution is continuously refreshed, the influence of species in the 
solution could be minimized as well as the deposition of species on the window.  The 
influence of the window on the other hand could be checked by adapting the XAS 
configuration (to be able to use the cell filled with fluid with no window on top) or by testing 
different materials in order to find a material which does not absorb copper compounds.  
Further investigation of these aspects is certainly needed.  If it is demonstrated that the XAS 
data are predominantly influenced by the electrolyte, one will have the unique opportunity to 
record ions and/or colloids in solution at the same time as process related changes in surface 
structure by perform interleaved SR-XRD and XAS measurements.  Otherwise, it gives two 
independent means of surface characterization, one of which is sensitive amorphous surface 
compounds. 
The changes caused by the immersion in sodium sesquicarbonate were rather slow (except for 
the nantokite samples), this limited the use of in situ techniques.  The use of in situ 
spectroelectrochemical techniques was therefore tested on a faster variant of the sodium 
sesquicarbonate treatment.  Since stabilisation in sodium sesquicarbonate solutions can take 
months to years, methods have been developed to speed up the stabilisation procedure.  On of 
these is electrolytic stabilisation through the application of a weak potential.  A 
complimentary set of electrochemical, microscopy and synchrotron X-ray techniques has been 
used to examine the effects of this stabilization method on corroded copper artefacts, where 
chlorides form a substantial part of the corrosion.  SR-XRD results showed the removal of the 
chlorides and the development of a cuprite layer over time.  These data, together with SEM 
cross sections showed that the chloride layer was replaced by a much thinner cuprite layer.  
The disappearance of nantokite is most likely a combination of the reduction to copper forced 
by the application of the cathodic current, and the convertion to cuprite in the solution.  Also 
the reaction of atacamite and paratacamite is not unambiguous.  However, the experiments 
indicate that cuprite is formed at the interface of the metal which loosens the adherence of the 
atacamite and/or paratacamite layer.  The overall effect was that the corrosion became 
detached from the surface before dissolving.  The results revealed that electrolytic reduction 
cleaning of copper objects may remove aesthetically pleasing patinas and may change the 
colour.  For each individual object, therefore, the advantages and the disadvantages of the 
160 
SUMMARY AND CONCLUSIONS 
techniques have to be balanced against each other.  However, one remark must be made: in 
this study we tested this technique only on single corrosion products.  Real artefacts, on the 
other hand, are commonly covered with a stratigraphy of different corrosion products, which 
are all affected separately by the solution used.  This implies that the colour change of one 
component will not necessarily have a big influence on the total appearance of the object. 
Overall, this study reveals that corrosion potential measurements possess the possibility to 
reveal large qualitative changes in the corrosion layer.  Quantiative changes on the other hand, 
seem to have less influence on the behaviour of the corrosion potential.  This implies that the 
hypothesis “the surface composition is stable when the corrosion potential measurements do 
not vary” needs to be treated with caution.  Moreover, different reactions can neutralize each 
other.  The use of the in situ cell brought an important contribution to this work as she raised 
the possibility of studying the metal surface in situ and/or simultaneously using an appropriate 
combination of techniques.  Clearly, applications of the cell are not limited to cultural heritage 
metals.  Corrosion on modern surfaces and surface modification on electrodes may also be 
studied. 
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Samenvatting en besluit 
 
Dit werk is opgebouwd uit drie grote delen.  In eerste instantie richtte het onderzoek zich op 
de ontwikkeling van een betrouwbare niet-destructieve elektrochemische meetmethode (nl. 
corrosiepotentiaalmetingen) voor de in situ controle van het corrosiegedrag van metalen 
voorwerpen tijdens stabilisatieprocessen (verhinderen van verdere corrosie).  Historische 
metalen (kunst)voorwerpen, die teruggevonden worden in vochtige en zoute omgevingen 
(zoals bijvoorbeeld zeeën), moeten na het opduiken meestal gestabiliseerd worden.  De 
verandering van omgeving (bijvoorbeeld van water naar lucht) kan het corrosieproces immers 
versnellen.  Vaak wordt een verdunde oplossing van natriumsesquicarbonaat 
(NaHCO3.Na2CO3) gebruikt om de chloride-ionen, die zeer corrosiebevorderend zijn voor 
koperlegeringen, uit de corrosielaag te logen waardoor verdere corrosie verder verhinderd 
wordt.  Verschillende voorbeelden uit het verleden hebben echter aangetoond dat de 
voorwerpen in de oplossing toch nog een zekere verandering van de corrosielaag vertonen, 
hetgeen vaak leidt tot de ontwikkeling van actieve corrosie.  Het is daarom aangewezen dat 
men de voorwerpen regelmatig blijft controleren eens ze ondergedompeld zijn.  Momenteel 
wordt de stabilisatie in natriumsesquicarbonaat doorgaans gecontroleerd door het 
chloorgehalte van de oplossing te meten.  Dit geeft echter alleen informatie over de vordering 
van de behandeling, niet over mogelijke nevenreacties aan de metaaloppervlakken of een 
verhoogde corrosie-activiteit. 
In dit werk werd de mogelijkheid onderzocht om corrosiepotentiaalmetingen (Ecorr-metingen) 
te benutten als controletechniek.  De hypothese achter deze methode is dat een stabiele 
corrosiepotentiaal overeenkomt met een stabiele samenstelling van de corrosielaag.  Een 
verandering van de corrosiepotentiaal zou een indicatie zijn dat er veranderingen plaatsvinden 
in de natuurlijke corrosielagen of dat er opnieuw actieve corrosie ontstaat. 
Vermits echte voorwerpen vaak te heterogeen zijn in samenstelling om gebruikt te worden 
voor deze experimenten, werden artificiële monsters aangemaakt.  Commercieel verkrijgbaar 
koper en koperlegeringen werden gecorrodeerd om enkelvoudige corrosielagen te verkrijgen 
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van de meest voorkomende corrosieproducten, meer bepaald van cupriet (Cu2O), nantokiet 
(CuCl), atacamiet (Cu2Cl(OH)3), paratacamiet (Cu2Cl(OH)3), chalcociet (Cu2S) en brochantiet 
(Cu4(SO4)(OH)6). 
In een eerste stadium van dit onderzoek werden de gecorrodeerde monsters in een 1 percent 
natriumsesquicarbonaatoplossing behandeld terwijl simultaan Ecorr-metingen werden 
opgenomen.  Hierbij werd de onderdompeling telkens op een zeker moment gestopt om het 
metaaloppervlak te analyseren met behulp van synchrotronstaling-x-straaldiffractie (SR-
XRD).  Deze experimenten geven gaven aan dat de corrosiepotentiaal duidelijk verschillend 
varieerde in functie van de tijd voor de verschillende onderzochte corrosieproducten.  De 
invloed van het substraat daarentegen leek minder van belang, al had de samenstelling van het 
substraat had echter wel een invloed op de absolute waarde van de corrosiepotentiaal.  Over 
het algemeen lijken de metingen de hypothese te bevestigen dat het corrosiepotentiaalgedrag 
in functie van de tijd vooral compositorische veranderingen weergeeft die plaatsgrijpen aan 
het oppervlak.  De corrosiepotentiaal van de ongecorrodeerde monsters en de monsters bedekt 
met cupriet zijn bijvoorbeeld stabiel en hetzelfde geldt voor de kwalitatieve samenstelling van 
de corrosielaag.  Voltammogrammen van koper bedekt met cupriet geven echter wel aan dat 
de dikte van de cuprietlaag kan variëren zonder dat dit weergegeven wordt in de 
corrosiepotentiaal.  Dit geeft aan dat de corrosiepotentiaal niet alle veranderingen kan 
aangeven die plaatsvinden op het oppervlak.  De kwalitatieve veranderingen die plaatsgrijpen 
in de corrosielagen die chloor bevatten lijken dan weer goed weergegeven in het gedrag van 
de corrosiepotentiaal.  De eerste daling van de corrosiepotentiaal lijkt overeen te komen met 
de reactie van de koperchloriden, terwijl de corrosiepotentiaal evalueert naar de 
corrosiepotentiaal van de cuprietmonsters als cupriet gevormd wordt.  Later wordt ook de 
vorming van malachiet weergegeven door een stijging van de corrosiepotentiaal. 
Om de bovenstaande interpretaties te bevestigen was echter een diepgaander onderzoek nodig 
waarbij het gedrag van de corrosiepotentiaal en van het oppervlak gelijktijdig (in situ) 
gevolgd konden worden.  Voor deze tweede fase in het onderzoek was het gebruik van een in 
situ elektrochemische cel dus noodzakelijk.  Deze manier van werken vermijdt eveneens het 
risico dat de blootstelling aan de atmosfeer op zich veranderingen in de oppervlakte-
samenstelling induceert.  De bestaande in situ cellen concentreren zich echter op monsters die 
op één of andere manier ideaal zijn, bijvoorbeeld dunne lagen afgezet op een X-straal 
transparant membraan, atomisch vlakke lagen of éénkristallen.  De ontwikkeling van een 
nieuwe cel bleek dus aangewezen.  In overleg werd door Professor M. Dowsett (University of 
Warwick, UK) een cel en de bijhorende hard- en software ontwikkeld.  Het nieuwe 
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elektrochemische systeem bestond uit een computergestuurd data en controle systeem 
gekoppeld aan een op maat gemaakte potentiostaat met een stappenmotor aandrijving voor de 
automatische verplaatsing van het monster en voor de fijnregeling van de dikte van de 
vloeistoflaag boven het monster.  Daarnaast kan het systeem ook een startsignaal genereren 
voor een webcam foto en/of de start van een x-straalmeting.  Dit systeem maakte het mogelijk 
om van buiten de experimentele cabine (waar het monster blootgesteld wordt aan de x-
stralen), het monster te verplaatsen van de “elektrochemische” positie (dikke vloeistoflaag, 
relatief korte afstand tot de referentie- en de tegenelektrode) naar de 
“oppervlaktekarakterisatie” positie (dunne vloeistoflaag om de absorptie van x-stralen te 
minimaliseren).  Verder biedt het de mogelijkheid om de verschillende delen van het 
experiment (verplaatsing van het monster, elektrochemisch experiment, x-stralen experiment) 
op elkaar in te stellen. 
De eerste experimenten gaven aan dat de corrosiepotentiaal beïnvloed werd door de beweging 
van het monster.  Waarschijnlijk verstoord de beweging van het monster de ingestelde 
diffusielaag in de vloeistof waardoor vers reagens aangevoerd wordt en reactieproducten 
verwijderd worden.  Het duurt enige tijd eer dit systeem zich hersteld.  Desalniettemin 
maakten de simultaan uitgevoerde SR-XRD en elektrochemische metingen op kopermonsters 
in de natriumsesquicarbonaatoplossing het mogelijk om de vervanging van nantokiet door het 
minder schadelijke cupriet rechtstreeks te volgen.  Het oorspronkelijke idee dat alle nantokiet 
verdween tijdens de eerste lange daling van de corrosiepotentiaal moest echter herbekeken 
worden.  Deze experimenten toonden aan dat nantokiet in de corrosielaag aanwezig blijft 
gedurende de daaropvolgende stijging van de corrosiepotentiaal en zelfs tijdens het potentiaal 
plateau kan nantokiet teruggevonden worden op het monster.  Dit toonde opnieuw aan dat de 
hypothese “een stabiele corrosiepotentiaal komt overeenkomt met een constante 
oppervlaktesamenstelling”, met het nodige voorbehoud behandeld moet worden.  
Verschillende reacties kunnen elkaar immers neutraliseren.  Maar het feit blijft dat de 
corrosiepotentiaal begint te evolueren naar de corrosiepotentiaal van koper bedekt met cupriet 
zodra al de nantokiet verdwenen is van het monster.  Dit bevestigd wel dat de 
corrosiepotentiaal afhangt van de oppervlaktesamenstelling.  Deze resultaten geven aan dat de 
corrosiepotentiaalmetingen gebruikt kunnen worden voor enkelvoudige lagen van nantokiet 
en het geeft ook de vorming van cupriet en malachiet aan bij monsters bedekt met atacamiet 
en een mengsel van atacamiet en paratacamiet.  Meer onderzoek is echter nodig voor men 
uitsluitsel kan geven of corrosiepotetniaalmetingen gebruikt kunnen worden als 
waarschuwingssysteem.  Experimenten uitgevoerd op koperlegeringen geven al aan dat de 
situatie gecompliceerd wordt door de aanwezigheid en vorming van meer corrosieproducten 
165 
SAMENVATTING EN BESLUIT 
wiens invloed op de corrosiepotentiaal niet altijd duidelijk is.  Verder lijken kwantitatieve 
verschillen in de corrosielagen niet weergegeven in het gedrag van de corrosiepotentiaal.  
Tenslotte zou deze studie uitgebreid moeten worden naar multilaagsystemen daar echte 
voorwerpen meestal bedekt zijn met een stratigrafie van verschillende corrosieproducten, die 
elk afzonderlijk aangetast kunnen worden door de gebruikte oplossing. 
Het accent van dit onderzoek is echter verschoven naar toepassingmogelijkheden van de in 
situ cel om meer informatie te bekomen over reacties die plaatsgrijpen op een metaal 
oppervlak ondergedompeld een vloeistof.  XRD metingen geen enkel de aanwezigheid van 
kristallijne corrosieproducten weer.  Het gebruik van de elektrochemische cel is daarom 
uitgebreid naar simultane x-straalabsorptiemetingen (XAS metingen) omdat deze ook 
gevoelig zijn voor de aanwezigheid en evolutie van amorfe stoffen.  Eerste experimenten 
uitgevoerd in deze context gaven echter aan dat de XAS spectra beïnvloed werden door de 
oplossing.  Verschillende testen werden uitgevoerd om dit fenomeen te onderzoeken.  
Momenteel hebben we kunnen aantonen dat zowel de oplossing als de celvensters een 
koperrand vertonen na een experiment van enkele uren.  De fijnstructuur van deze spectra 
geeft aan dat zij veroorzaakt worden door microdeeltjes in de oplossing eerder dan door 
opgeloste deeltjes.  Dit zou echter grondiger getest moeten worden, vermits dit impliceert dat 
de spectra na verloop van tijd moet veranderen als de microdeeltjes oplossen.  Daarom zou na 
een langere tijd opnieuw een XAS spectrum opgenomen moeten worden van de vloeistof om 
mogelijke veranderingen in het spectrum op te sporen.  Verder moet ook de bijdrage van elk 
van de componenten (monster, oplossing, venster) op het totale signaal nagegaan moeten 
worden.  Roeren van de oplossing of het gebruik van een doorstroomcel waarin de oplossing 
continu vervest wordt, verminderderd bijvoorbeeld de invloed van deeltjes in de oplossing en 
de afzetting van deeltjes op het celvenster.  De invloed van het venster kan nagegaan worden 
door de XAS configuratie aan te passen zodat het mogelijk wordt om de cel in verticale 
positie te gebruiken zodat men metingen kan uitvoeren met en zonder venster.  Een alternatief 
is het uitteten van verschillende venstermaterialen in de hoop om een materiaal te vinden dat 
geen koper absorbeerd.  Indien aangetoond kan worden dat de XAS spectra voornamelijk 
beïnvloed worden door de oplossing, biedt dit unieke mogelijkheden.  Door het afwisselend 
uitvoeren van XAS en XRD experimenten, kan bijvoorbeeld zowel informatie bekomen 
worden over de ionen in de oplossing als over de daarmee gerelateerde 
oppervlaktetransformaties.  In het andere geval, als de XAS metingen toch voornamelijk 
informatie weergeven over het monsteroppervlak, geeft dit twee onafhankelijke methoden om 
het oppervlak te karakteriseren, waarvan de XAS metingen ook gevoelig zijn voor amorfe 
stoffen. 
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Parallel met de XAS metingen, is in een derde luik van dit onderzoek het gebruik van in situ 
spectroelektrochemische technieken getest op een snellere variant van de stabilisatie 
behandeling in natriumsesquicarbonaat.  De stabilisatie in natriumsesquicarbonaatoplossingen 
kan maanden tot jaren duren.  Daarom werden er methoden ontwikkeld om dit proces te 
versnellen.  Eén van deze methoden is de elektrolytische stabilisatie door het aanleggen van 
een zwakke potentiaal.  Om het effect van deze stabilisatiemethode te onderzoeken is een 
complementaire set van elektrochemische, microscopische en x-straaldiffractie metingen 
uitgevoerd op gecorrodeerde koperen monsters waarvan chloriden een aanzienlijk deel 
vormden van de corrosielaag.  De SR-XRD resultaten toonden aan dat chloriden verwijderd 
werden uit de corrosielaag.  Ook de vorming van een cuprietlaag werd aangetoond.  De 
combinatie van deze data met de SEM beelden van de doorsneden, gaven aan dat de 
chloridelaag vervangen werd door een veel dunnere cuprietlaag.  Het verdwijnen van 
nantokiet uit de corrosielaag wordt waarschijnlijk veroorzaakt door een combinatie van de 
gedwongen reductie naar koper door het aanleggen van een potentiaal, en de omzetting naar 
cupriet onder invloed van de oplossing.  Ook de reactie van atacamiet en paratacamiet is niet 
eenduidig, maar de experimenten geven aan dat cupriet gevormd werd aan de grenslaag met 
het metaal waardoor de aanhechting van de atacamiet/paratacamietlaag verminderde.  Het 
uiteindelijke effect was dat de corrosielaag eerder loskwam van het oppervlak dan dat de 
corrosielaag oploste.  Deze studie toont aan dat de elektrolytische zuivering van koperen 
voorwerpen mogelijk kleurveranderingen kan veroorzaken.  Voor elk individueel object 
moeten daarom de voor- en nadelen van deze techniek tegen elkaar afgewogen worden.  
Esthetisch gewaardeerde corrosielagen kunnen mogelijk verwijderd worden, maar langs de 
andere kant riskeert een niet of onvoldoende gestabiliseerd voorwerp volledig door corrosie 
aangetast te worden.  In dit verband moet er echter wel de bemerking gemaakt worden dat 
deze studie uitgevoerd is op enkelvoudige corrosielagen.  Echte voorwerpen zijn daarentegen 
meestal bedekt met een stratigrafie van verschillende corrosieproducten die elk afzonderlijk 
reageren op de gebruikte oplossing.  Dit houdt in dat de kleurverandering van één bepaald 
product niet noodzakelijk een grote invloed zal hebben op het algemene uitzicht van het 
object. 
Als algemeen besluit kunnen we stellen dat deze studie aantoonde dat 
corrosiepotentiaalmetingen in staat zijn om grote kwalitatieve veranderingen in de 
corrosielaag aan te geven.  Kwantitatieve veranderingen lijken echter minder invloed te 
hebben, waardoor de hypothese – de oppervlaktesamenstelling blijft stabiel als de 
corrosiepotentiaalmetingen niet variëren – met de nodige voorzichtigheid behandeld moet 
worden.  Daarnaast kunnen verschillende reacties elkaar ook neutraliseren.  Het gebruik van 
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de in situ cel heeft een enorme bijdrage geleverd voor dit onderzoek; ze maakte het mogelijk 
om veranderingen in corrosielagen in situ en/of simultaan te bestuderen door een gepaste 
combinatie van technieken.  Maar het gebruik van deze cel moet natuurlijk niet beperkt 
blijven tot het oplossen van conservatievragen alleen.  Ook moderne materialen en 
oppervlaktemodificaties op elektroden kunnen hiermee bestudeerd worden. 
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A1. SR-XRD spectra of artificially corroded samples  
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Nantokite protocol 
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Atacamite protocol 
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Paratacamite protocol 
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Chalcocite protocol 
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Brochantite protocol 
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A2. SR-XRD spectra of copper after different immersion 
times in sodium sesquicarbonate. 
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Copper covered with nantokite 
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Copper covered with atacamite 
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Copper covered with atacamite and paratacamite 
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Copper covered with chalcocite 
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Copper covered with brochantite 
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A3. SR-XRD spectra of the copper-tin alloy after different 
immersion times in sodium sesquicarbonate. 
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Copper-tin covered with nantokite 
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Copper-tin covered with atacamite 
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A4. SR-XRD spectra of the copper-tin-lead alloy after 
different immersion times in sodium sesquicarbonate. 
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